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ABSTRACT 


A  mathematical  flow  model  has  been  developed  for  plane  two- 
dimensional  illuminating  flares  dropping  through  the  atmosphere  and 
simulating  face  down  burning.  Numerical  results  are  given  in  field 
plots  showing  streamlines,  velocity  potential  lines,  constant  velocity 
lines,  and  constant  time  lines  for  two-dimensional,  incompressible 
flow.  Thermochemical  calculations  based  on  shifting  equilibrium  were 
made  for  combustion  in  the  flare  plume  over  a  range  of  various  mixture 
ratios.  The  results  are  provided  in  the  form  of  curves  and  tables 
showing  reaction  products,  equilibrium  temperature,  and  other  thermo¬ 
dynamic  data.  Temperatures  in  plumes  of  one  inch  diameter  flares 
were  measured  by  thermocouple.  A  theoretical  evaluation  of  optical 
density  in  the  plume  and  experiments  to  evaluate  optical  density  were 
performed.  The  results  are  provided  in  tables,  photographs  of  plumes, 
and  traces  obtained  by  spectrograph.  Relative  luminous  intensity 
distribution  in  the  plumes  of  downward  burning  flares  was  determined 
and  the  results  are  shown  in  terms  of  relative  intensity  contours, 
plots  of  relative  intensity  versus  plume  area,  and  plots  of  percent 
total  intensity  versus  percent  of  plume  area.  An  analysis  of  overall 
results  was  made  utilizing  information  from  the  literature  as  well  as 
that  obtained  in  the  program. 
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SECTION  I 


INTRODUCTION 


A  large  amount  of  work  has  been  accomplished  on  illuminating  flares, 
especially  with  regard  to  particle  sizes,  casings,  diameter,  luminosity 
measurements,  spectral  data,  and  combinations  of  materials.  Most  of  the  work 
was  impirical  in  nature  and  although  many  experimenters  have  gained  an  intuitive 
knowledge  of  the  art  of  flare  design,  there  is  very  little  information  regarding 
the  mechanism  by  which  maximum  illumination  can  be  achieved.  It  was  believed 
at  the  outset  of  this  program  that  achievement  of  a  good  understanding  of  the 
light  producing  mechanism  would  require  the  recruitment  of  several  disciplines 
including  specialists  in  fluid  mechanics,  thermodynamics,  combustion  ,  illumina¬ 
tion,  and  spectroscopy.  A  team  consisting  of  the  members  listed  in  the  fore-  « 
word  was  assembled  and  the  results  achieved  in  the  program  to  date  tend  to 
support  the  original  premise. 

In  order  that  the  reader  may  clearly  understand  the  work  and  viewpoints 
of  the  separate  investigators,  the  reports  as  written  by  each  have  been  assembled 
as  SECTIONS  II  through  V.  They  are  followed  by  a  summary  of  results  in  which  an 
attempt  is  made  to  correlate  all  of  the  results.  These  sections  contain,  in 
order,  (SECTION  II)  a  flew  mode A  with  figures  showing  streamline  distributions 
and  related  curves  for  a  simulated  flare  burning  downward  and  falling  in  air; 
(SECTION  III)  results  of  thermochemical  calculations  and  thermocouple  measure¬ 
ments  in  flare  plumes;  (SECTION  IV)  results  of  optical  density  computations, 
spectral  measurements,  and  photographs  of  flare  plumes;  and  (SECTION  V)  luminous 
intensity  distributions  in  the  form  of  relative  luminous  intensity  contours, 
graphs  showing  relative  intensity  versus  plume  area,  and  graphs  showing  percent 
intensity  versus  percent  plume  area.  Each  of  the  sections  provide  a  discussion 
of  results  and  summary  within  the  section.  A  list  of  symbols  for  each  section 
(except  SECTION  V)  is  contained  in  the  appendixes  and  is  identified  with  the 
section  to  which  it  applies.  Lists  of  references  for  each  section  are  contained 
in  the  section  and  the  numoers  ir  the  text  for  each  reference  apply  only  to  the 
references  at  the  end  of  that  section.  Figures  and  tables  referred  to  in  a 
section  apply  only  to  the  figures  and  tables  in  that  section.  The  discussion 
of  results  contained  in  SECTION  VI  draws  not  only  from  the  results  reported  in 
SECTIONS  II  through  V  ,  but  also,  results  reported  in  references,  where  required 
to  implement  an  analysis.  From  the  discussion  of  results  it  is  easy  to  draw 
conclusions  as  to  what  areas  lack  adequate  experimental  results  to  arrive  at 
conclusions,  but  it  is  not  easy  to  determine  what  priority  should  be  given  to 
each  in  further  exploration.  The  results  are  summarized  in  SECTION  VII  and  areas 
that  require  further  exploratory  development  are  listed  in  SECTION  VIII.  The 
order  in  which  they  are  listed  is  not  an  indication  of  preference  as  to  priority. 
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SECTION  II 


MATHEMATICAL  FLOW  MODEL  AND  FLOW  COMPUTATIONS 


INTRODUCTION 


The  total  problem  of  understanding  the  performance  of  illuminating 
flares  involves  the  complex  interaction  of  a  large  number  of  disciplines, 
including  chemistry,  thermodynamics,  radiation,  heat  conduction  and  fluid 
mechanics.  To  understand  how  these  disciplines  interact  in  an  illumina¬ 
ting  flare,  it  is  necessary  to  have  a  mathematical  model  that  acts  as 
the  structure,  or  skeleton,  on  which  new  knowledge  can  be  placed  in  proper 
relationship  to  older  knowledge,  and  on  which  the  interaction  among  disci¬ 
plines  can  be  viewed  in  proper  perspective. 

The  development  of  the  above  model  is  itself  a  complex  undertaking; 
thus,  the  purpose  of  Part  I  of  this  report  is  to  make  only  an  initial,  or 
preliminary,  effort  in  this  direction— but  one  that  will  be  of  some 
immediate  use.  Part  I  presents  a  mathematical  model  for  plane,  two- 
dimensional,  incompressible,  potential  flow  in  the  plume  (and  surrounding 
air)  of  illuminating  flares  dropping  through  the  atmosphere.  The  analysis 
is  followed  by  numerical  examples  that  show  the  effect  of  drop  rate  on 
the  flow  pattern;  and,  finally,  recommendations  are  given  for  future  work 
on  the  mathematical  model. 
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ANALYSIS 


In  this  part  of  the  report,  assumptions  are  presented  and  equations  are 
developed  for  the  two-dimensional  flow  field  within  and  around  the  plumes  of 
illuminating  flares  dropping  through  the  atmosphere. 


Preliminary  Considerations 


An  ideal  model.  Consider  the  following  idealized  model  of  an  Illuminating  flare 
moving  through  the  atmosphere  with  a  constant  drop  rate  vn*  (see  footnote)  toward 
the  earth's  surface.  The  flare  is  a  circular  cylinder,  of  finite  length,  with 
flat  ends  that  are  normal  to  the  axis.  The  axis  is  parallel  to  v  *  and  therefore 
perpendicular  to  the  earth's  surface.  The  end  of  the  flare  that  races  the  earth 
is  burning,  and  emits  a  luminous  plume  of  hot  gas.  This  Dlume  is  surrounded  by 
the  relatively  cold  air  jf  the  atmosphere,  which  streams  past  the  plume  as  a 
result  of  the  droo  rate  vQ*.  The  hot  gas  of  the  plume  radiates  energy  to  the 
surrounding  environment,  and,  in  addition,  mixes  with  the  colder  air  of  the 
atmosphere  that  surrounds  it.  For  this  ideal  model,  flow  conditions  are  steady 
and  axi-symmetric.  Thus,  the  velocity  components  and  the  gaseous  composition, 
density  and  temperature  are  functions  of  only  two  coordinates:  (1)  distance 
measured  along  the  axis,  and  (2)  distance  measured  normal  to  the  axis.  The 
flow  is  two-dimensional,  compressible  and  viscous. 

The  above  ideal  model,  when  properly  executed,  should  give  a  reasonably 
satisfactory  picture  of  the  flow  field  in  and  around  the  plume  of  a  homogenous, 
illuminating  flare  operating  under  ideal,  steady-state  conditions.  In  this 
report,  an  initial  step  is  taken  toward  the  long-range  goal  represented  by  the 
above  model. 

Assumptions .  For  the  mathematical  model  of  this  report,  which  model  is  pre¬ 
liminary,  it  is  assumed  that  the  essential  features  of  the  two-dimensional  flow 
field  are  similar  for  axi-symmetric  and  for  plane  two-dimensional  flow.  Thus, 
it  is  assumed  that  the  two-dimensional  flow  is  planar.  Such  plane,  two- 
dimensional  flows  would  occur  for  solid  flare  bodies  with  the  same  profile  in 
the  flow  plane  (see  figure  1)  as  the  axi-symmetric  flare,  but  with  an  infinite 
extent  normal  to  the  plane,  as  shown  in  figure  1(b). 


Symbols  are  defined  in  Appendix  I.  Velocities  and  linear  auantities  marked  bv 
an  asterisk  are  dimensional;  otherwise,  non-dimensional. 
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(a)  Axi-syrametric,  |  /  I  /(b)  Plane, 

two-dimensional  j  /  |  /  two-dimensioned, 

flow  field  £ _ |/  flow  field 


Figure  1.  -  Comparison  of  cylindrical  flare  geometry,  for  axi- 
symmetric,  two-dimensioneil  flow  field,  with  rect- 
emgular  parallelopiped  flare  geometry,  for  plerne, 
two-dimensional  flow  field. 


As  in  the  ideal  model  of  the  preceding  section,  the  burning  surface  of  the 
flare  is  assumed  to  be  flat,  and  in  particular,  no  boundary  wall  is  formed  by 
the  inhibitor  downstream  from  the  burning  face. 

Additional  assumptions  of  this  analysis  are: 

(1)  The  burning  rates  v*  of  flares  are  sufficiently  low  that  resulting 
Mach  numbers  are  small  and  aerodynamic  compressibility  effects  can  be  neglected. 
[Based  on  usual  burning  rates,  the  velocity  components  normal  to  the  burning 
surface  are  low.  However,  it  will  be  shown  later  in  this  report  that  at  the 
edge  of  the  burning  surface,  very  high  velocities  are  possible.  Errors 
associated  with  this  "edge"  effect  are  ignored  in  this  preliminary  analysis.] 

(2)  The  drop  rates  v*  of  flares  are  sufficiently  low  that  resulting  Mach 
numbers  are  small  and  aerodynamic  compressibility  effects  can  be  neglected. 

© 

(3)  The  temperatures  of  the  flares  and  of  the  surrounding  medium  are  con¬ 
stant  and  equal  (Isothermal  flares).  Thus,  the  analysis  does  not  include  the 
effects  of  radiation  and  mixing  on  the  dynamics  of  the  flow  pattern.  And,  more 
importantly,  the  analysis  assumes  that  the  temperatures ,  and  therefore  the 
densities,  of  the  plume  and  of  the  surrounding  air  in  the  atmosphere  are  the 
same.  [Of  course,  the  much  higher  density  of  the  surrounding  air  has,  in  fact, 

a  dominant  influence  on  the  shape  of  the  plume.  This  Influence  will  be  accounted 
for  in  this  analysis  by  introduction  of  an  "effective"  drop  rate  for  the  flare. 
Also,  note  that  in  the  absence  of  drop  rate,  buoyancy  forces  can  be  expected  to 
play  an  important  role  affecting  plume  configuration.] 

(A)  The  flow  is  irrotational.  This  flow  condition  results  if  the  fluid  is 
iso-energetic  (see  assumption  number  3)  and  if  forces  acting  on  the  fluid  are 
conservative  (i.e.,  if  viscous  and  mixing  forces,  for  example,  are  negligible). 

From  the  above  assumptions,  the  flow  is  plane,  two-dimencional,  incom¬ 
pressible  and  irrotational.  The  flow  is  therefore  given  by  the  complex 
potential  w*Hii Ji  as  an  analytic  function  of  the  complex  variable 
z  *  x  +  i,  y.  Thus, 

w  -  4>  +  i.  \p  -  w(z)  ■  w  (x  +  -t  y)  (1) 

where  ip  is  the  stream  function  (constant  along  streamlines) ,  $>  is  the  velocity 
potential  (constant  along  lines  normal  to  the  streamlines) ,  and  where  x  and  y 
are  the  abscissa  and  ordinate,  respectively,  in  the  z-plane. 

Coordinates  in  the  physical  z-plane.  The  two-dimensional  flow  field  within  and 
around  the  plume  of  the  flare  lies  in  the  physical  z-plane.  The  x-y  coordinate 
system  of  the  z-plane  is  attached  to  the  burning  face  of  the  flare,  as  shown  in 
figure  2.  In  this  analysis,  linear  distance  is  dimensionless  (unless  marked  by 
an  asterisk),  being  expressed  in  units  of  the  half-width,  or  radius  r*,  of  the 
burning  face.  Thus,  the  burning  surface  of  the  flare  lies  on  the  x-axls  between 
±  1.0.  The  centerline  of  the  flare  lies  on  the  y-axis,  and  the  sides  of  the 
flare  extend  indefinitely  far  downward,  in  the  negative  y-dlrection,  starting 
from  the  ±  1.0  positions  on  the  x-axis  (see  figure  2).  Because  the  flow  field 
le  symmetrical  about  the  y-axis,  the  analysis  and  numerical  results  are  limited 
to  positive  values  of  x. 
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Velocity  components.  Because  the  coordinate  system  is  attached  to  the  flare, 
which  itself  moves  through  the  atmosphere  with  a  constant  drop  rate  v*, 
velocities  in  the  z-plane  are  measured  relative  to  the  flare.  Thus,  for  the 
flare  orientation  given  in  figure  2,  the  velocity  component  v*  of  the  plume 
gases  normal  to  the  burning  surface  is  in  the  positive  y-d t section,  and  the 
relative  velocity  of  the  atmosphere,  due  to  the  drop  rate  v*  ,  is  in  the  nega¬ 
tive  y-direction  (see  figure  2). 

At  any  given  point  in  the  flow  field,  the  (relative)  velocity  q  has  com¬ 
ponents  u  and  v  in  the  x  and  y  directions,  respectively,  (see  figure  3).  Thus, 

a  *  /u^  +  v^  (2a) 

and 


where  ot  is  the  flow  direction  measured  counterclockwise  from  the  x-axls. 

In  this  analysis,  velocities  are  dimensionless  (unless  marked  by  an 
asterisk),  being  expressed  in  units  of  the  (constant)  velocity  component  v* 
normal  to  the  burning  surface.  Thus,  along  the  burning  surface,  v  (but  not  q) 
is  constant  and  equal  to  1.0. 

Outline  of  the  method.  Because  w  ■  $  4-  l  ip  is  an  analytic  function  of 
z  ■  x  +  i  y,  the  governing  equations  are  linear.  Thus,  it  is  possible  to 
synthesize  the  flow  of  gases  within  the  plume  (due  to  burning  rate  v*)  and  the 
flow  of  air  outside  the  plume  (due  to  drop  rate  v*)  by  the  proper  super¬ 
position  of  flow  elements.  To  do  this  synthesis,  however,  it  is  first  necessary 
to  simplify  the  flow  boundaries  bv  transforming  the  flow  field  exterior  to  the 
flare  in  the  z-plane  to  the  upper  half  of  the  t  ■  (  +  i  n  plane  (figure  4). 

Thus,  the  rectangular  shape  of  the  flare  in  the  physical  z-plane  transforms  into 
a  straight  line  (the  5-axis)  in  the  transformed  t-plane.  This  transformation 
is  obtained  from  the  Schwarz-Christof fel  Theorem.  The  transformation  is  made 
so  that  the  edges  of  the  burning  surface  at  ±  1.0  on  the  x-axis  in  the  z-plane 
transform  into  the  points  ±  1.0  on  the  5-axis  in  the  t-plane. 

Now,  in  the  t-plane,  the  flow  field  associated  with  the  drop  rate  v*  of 
the  flare  is  given  by  an  "approach  flow"  (figure  5a)  that  impinges  on  the  5-axls 
from  large  positive  values  of  n.  This  flow  field  in  the  t-plane  transforms 
(Schwarz-Christof fel  transformation)  into  the  z-plane  as  shown  in  figure  5b. 

Likewise,  in  the  t-plane,  the  flow  field  associated  with  the  burning  rate 
v*  at  the  flare  surface  is  given  by  a  distribution  of  point  sources  (figure  6a) 
along  the  5-axis  between  ±  1.0.  This  flow  field  in  the  t-plane  transforms 
(Schwarz-Christof fel  transformation)  into  the  z-plane  as  shown  in  figure  6b. 

Finally,  again  in  the  t-plane,  the  two  flows  from  figures  5a  and  6a  are 
combined  by  linear  super-position  to  give  the  combined  flow  (figure  7a)  due  to 
tue  drop  rate  v*  and  the  burning  rate  v*.  This  combined  flow  field  in  the 
t-plane  transforms  (Schwarz-ChristoffeljF  into  the  z-plane  as  shown  in  figure  7b. 
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Schwarz-Christoffel  transfonnation  from  exterior 
of  flare  in  z-plane  to  upper-half  of  t-plane. 


From  the  above  synthesis  in  the  t-plane  and  the  subsequent  transformation 
onto  the  z-plane,  the  distributions  of  streamlines  (constant  i|i)  and  velocity 
potential  lines  (constant  4>)  are  known  in  the  physical  flow  field  (z-plane). 

From  these  distributions  of  <i>  and  ipt  the  velocity  components,  flow  direction  and 
other  related  parameters  of  the  flow  field  can  be  determined. 

The  remainder  of  this  analysis  develops  the  equations  for  plane,  two- 
dimensional  flow  within  and  around  the  plumes  of  illuminating  flares,  droopirg 
through  the  atmosphere,  according  to  the  methods  outlined  above. 


Schwarz-Christoff el  Transformation 


General  theorem.  The  Schwarz-Christoffel  transformation  maps  the  inside  of  an 
arbitrary,  simple,  closed  polygon  in  the  z-plane  onto  the  upper  half  of  the 
t-plane  (see  figure  8  of  this  report,  and  reference  1,  pages  156-163). 

The  transformation  is  given  by 


z  -  A 


dt 


(a-t)“/*(b-t)8/'(c-t)1'/’. 


+  B 


(3a) 


where  a,  b,  c,  .  .  .  are  locations  in  ascending  order  on  the  real  5-axis  of  the 
t-plane  corresponding  to  the  vertices  of  the  polygon  in  the  z-plane,  where 
a,  0,  y,  .  .  .  are  deflection  angles  (positive  or  negative)  at  the  corresponding 
vertices  in  the  z-plane  (see  figure  8),  and  where  A  and  B  are  complex  constants 
that  determine  the  size,  angular  orientation  and  location  of  the  polygon  in  the 
z-olane.  It  is  observed  that  when  the  vertex  of  a  polygon  is  located  at 
infinity  on  the  5-axis  in  the  t-plane,  the  term  involving  that  vertex  becomes 
unity  in  equation  (3a) . 


Schwarz-Christoff el  transformation  for  rectangular  flare.  The  polygon  correspond¬ 
ing  to  the  rectangular  profile  of  a  flare  in  the  z-plane  is  shown  in  figure  9. 

The  interior  of  the  polygon  corresponds  to  the  flow  field  exterior  to  the  body 
of  the  flare.  It  is  noted  that  six  of  the  eight  vertices  are  located  at  infinity 
(the  other  two  being  located  8t  ±  1.0  on  the  x-axis).  If  these  six  vertices  are 
located  at  infinity  on  the  5-axis  of  the  t-plane,  then  all  but  two  terms  in  the 
integrand  of  eauation  (3a)  become  unity.  Thus, 


z  ■  A 


dt _ +  B 

(a-t)a/,(b-t)8/’ 


(3b) 


If  the  two  vertices  at  ±  1.0  on  the  x-axis  are  located  at  ±  1.0,  respectively, 
on  the  5-axis  of  the  t-plane,  then 


a  -  -1.0 
b  «  +1.0 

Furthermore,  from  figures  (8)  and  (9), 


(3c) 
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of  vertices  in  t-plane. 


Figure  9*  -  Simple,  closed  polygon  corresponding  to  rectangular  profile 
of  flare  in  physical  z -plane. 
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Figure  10.  -  Continuous  distribution  of  source  strength  nu. 
along  burning  face  of  flare. 


a  =  —  tt  /  2 

e  -  -it/2 


where  the  negative  signs  indicate  clockwise  deflection  angles. 
(3b)  becomes 


Ml+t)(l-t)  dt  +  R 


Thus ,  equation 


which  integrates  to  give 


z  -  jl 


<(*)[' 


t  /l-t2  +  sin 


The  constants  A  and  B  equal  -(4-c/tt)  and  0,  respectively,  if  the  vertices  at  ±  1.0 
on  the  x-axis  are  located  at  ±  1.0  on  the  £-axis  in  the  t-plane,  and  if  the 
origin  on  the  z-plane  maps  into  the  origin  on  the  t-plane.  Thus, 


-f[ 


t  /l-t2  +  sin 


“*1 


Equation  (3f)  is  the  Schwarz-Christoffel  transformation  that  maps  the  exterior 
of  a  rectangular  flare  in  the  z-plane  on  the  upper-half  of  the  t-plane.  This 
transformation  relates  the  location  of  any  point  (£,n)  in  the  t-plane  to  the 
location  of  a  corresponding  point  (x,y)  in  the  z-plane,  and  vice  versa. 


Equations  relating  x  and 


z  -  x  +  A.  y 


t  «  (  +  i  n 


i.  In  equation  (3f) , 


Substituting  equations  (4)  into  equation  (3f),  and  equating  the  real  terms,  and 
also  the  imaginary  terms,  on  opposite  sides  of  the  equation,  gives 


^2^  |  Jjl  cos  j  -n  sin  |  /R  +  tan  1  £  + 


✓fC  sin  y 
vlfcos  | 


where 


n  cos  |  +  £  sin  lj-  /r  -  j  In 


(-n  +  cos  j  )  +  (£  +  */R  sin  y  )  |(5b) 


R  -  Ai-£2  +  nk)*  +  (2£n)‘ 


6  *  tan 
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(a)  —it  —  0  -  0 

(b)  If  n  equals  zero,  then 

6=0  when  £  <  1 
0  =  -it  when  £  >  1 

(c)  If  £  equals  zero,  then 

0=0 


(5e) 


(5f  ) 


Equations  (5a)  and  (5b)  relate  x  and  y  In  the  z-plane  to  the  corresponding  point 
(£ , n )  in  the  t-plane. 


Synthesis  of  Flow  in  Transformed  t-plane 


The  flow  field  in  the  t-plane  is  synthesized  by  combining  the  complex 
potential  (w  =  4>  +  l  ip)  for  an  "approach  flow"  (figure  5a),  which  is  associated 
with  the  drop  rate  v*,  with  the  complex  potential  for  a  source  distribution 
(figure  6a),  which  is  associated  with  the  burning  rate  v*. 

Complex  potential  wj  for  point-source  distribution  along  £-axis.  The  efflux  of 
gas  from  the  burning  surface  of  f lares  is  simulated  in  the  t-plane  by  a  distri¬ 
bution  of  point  sources  along  the  £-axis  between  ±  1.0.  The  complex  potential 
wi  associated  with  this  distribution  of  point  sources  is  given  by 

r + 1 

wj  ■  4>i  +  i  ip i  =  mt(£)  In  (t-£)d£  (6a) 

-1 

where  the  source  strength  m  (£)  is  a  function  of  £  over  the  range  ±  1.0  (see 
figure  10). 

The  local  source  strength  rij.(£)  determines  the  local  gradient  of  ip  along 
the  burning  surface.  Thus, 

m.  (£)  -  (constant)  “jj: 
t  at. 

But , 

dip  dip  dx 
3£  “  9x  d£ 


so  that 

mt(0  =  (constant)  |^  ~  (6b) 

Now,  in  the  physical  z-plane,  because  of  the  uniform  generation  of  gases  across 
the  burning  face  of  the  flare,  the  distribution  of  noint  sources  along  the  burn¬ 
ing  face  is  constant.  Thus, 


in  (x)  -  (constant)  -r*- 
z  9x 


constant 


Also,  from  eouation  (5a),  with  p  enual  to  zero, 


£  -(v)^ 


Thus,  from  equations  (6b),  (6c)  and  (6d), 


»  (£)  ■  (constant)  A-£z 


and  equation  (6a)  becomes 


-1 


In  (t-C)  dC 


where  Ai  is  a  (real)  constant  to  be  determined. 

Equation  (6e)  integrates  (Appendix  II)  to  give 

W!  -  y1  t2  -t  /t2  -1  +  In  (t  +  /t2  -1)  J  +  (B^  +  l  B^)  (6f ) 

where  (B^  +  i  B  )  is  a  complex  constant  of  Integration,  to  be  determined  later. 
Equation  (6f)  gives  the  complex  potential  wj  for  the  point-source  distribution 
(along  the  £-axis)  associated  with  the  burning  rate  v*  of  the  flare. 

Equations  for  and  i|>i  in  t-plane.  In  equation  (6f), 
wi  ■  #1  +  ") 


t  -  C  +  l  n  j 

Substituting  equations  (6g)  into  equation  (6f)  and  equating  real  terms  on 
opposite  sides  of  the  resulting  equation  gives 

4>1  -  y1  |^(5  -n2)  -/R  U  cos  j  -n  sin  |)  +  In  /(£  +/R  cos  y)*  +(n  +  Jr  sin  jf  J 
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and,  likewise,  equating  imaginary  terms  gives 


^  1  =  v1  (h  cos  4  +  £  sin  -|)  +  tan  X(T]  +  ^  sln  2  \  \ 


£,  +  \/k  cos  ^ 


where  R  is  given  by  equation  (5c)  and  where 


3  *  tan 


-1/2 


Sz  -nz  -1 


To  determine  the  constants  Ai ,  B  and  B  ,  first  note  that 


Thus,  in  the  z-plane,  along  the  burning  face  of  the  flare  on  the  x-axis 
(0  i-  x  -  1.0),  where,  by  definition,  vj  is  equal  to  1.0, 


-e 


1.0 

dx  -  -1.0 


Therefore,  if  is  arbitrarily  set  equal  to  1.0  at  the  origin  (x  ■  0),  then 
i^l  is  equal  to  0  at  the  edge  (x  •  1.0).  These  same  values  of  must  exist  at 
the  corresponding  points  (0  and  1.0)  along  the  £-axis  in  the  t-plane.  Thus,  to 
establish  Ai ,  and  B^ ,  let 

<Pl  ■  1.0  when  C  *  0  and  n  ■  0  ■> 

-  0  when  £  ■  1.0  and  n*  0  |  (6k) 

$1  ■  0  when  £  ■  0  and  n  “  0 

In  (6k),  4>i  has  been  arbitrarily  assigned  the  value  zero  when  £  ■  0  and  n  ■  0. 
From  equations  (6h) ,  (6i)  and  the  conditions  given  by  (6k) 

A1  -  */w  1 

-  0  >  (61) 

%  "  0  ^ 

Equations  (6h) ,  (61)  and  (61)  determine  <!>i  and  ^  j  as  functions  of  K  and  n  in  the 
t-plane . 


Complex  potential  W2  for  "approach  flow”.  The  drop  rate  of  flares  is  simulated 
in  the  t-plane  by  an  "approach  flow"  (figure  5a)  that  impinges  on  the  C-axis  from 
large  (infinite)  positive  values  of  n.  The  complex  potential  W2  associated  with 
this  approach  flow  is  given  by 


w2  «  1>2  +  -t  <|>2  *  &2. 

2 
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where  A  2  is  a  constant,  to  be  determined  later. 

Equations  for  $2  and  ^2  in  t-plane.  In  eouation  (7a), 

w2  =  $2  "*■  ^  ^2  / 

and  (  (7b) 

t  =  £  +  4  n  j 

Substituting  equations  (7b)  into  equation  (7a)  and  equating  real  terms  on 
opposite  sides  of  the  resulting  equation  gives 

$2  ■  y2  (S2  -n2)  (7c) 


and,  likewise,  equating  imaginary  terms  gives 

^2  “  'f2  (7d) 

To  determine  A2,  note  that  at  large  (infinite)  values  of  y  in  the  z-plane 
the  dimensionless)  velocity  V2  is  given  by 


v2 


-vj£ 

v£ 


(7e) 


where  v**  is  the  "effective"  drop  rate  of  the  flare  (to  be  defined  and  evaluated 
later).  But, 

v2  -  Hi  -  !ii  in  Of) 

3y  3q  dy 

where,  from  equation  (7c), 


-5*  ■  -A*  »  <7*> 

and,  from  equation  (5b),  for  large  (infinite)  values  of  n  and  small  (zero)  values 
of  Z, 


ft -(f)  " 

so  that,  from  equations  (7e) ,  (7f),  (7g)  and  (7h), 


Equations  (7c),  (7d)  and  (7i)  determine  $2  and  as  functions  of  Z  and  n  in  the 
t-plane. 

Combined  complex  potential  w.  Because  wj  and  W2  are  analytic,  they  can  be  com¬ 
bined  linearly  to  obtain  the  complex  potential  w  for  the  combined  flow  field 
associated  with  the  drop  rate  of  a  two-dimensional  flare  and  with  its  burning 
rate.  Thus, 
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w  ■  wj  +  W2 


or 


W  «  $  +  ((tl+  *2)  +  ^(^l  +  ^2) 


(8)  . 


Equation  (8)  is  the  complex  potential  for  the  combined  flows. 
Final  equations  for  4>  and  1 li  in  t-plane.  From  eauatlon  (8) 


and 


$  *  $1  +  <I>2 

1+^2 


■ 

► 

. 


(9a) 


so  that,  from  equations  (6b),  (6k),  (7c),  (7i)  and  (9a), 

*’(■) 


(£2  -n2)  -*^R  (£  cos  |-  -n  sin  -|)  +  In  /(£  +  /R  cos  y)  +  (n  +  /r  sin  y) 


where 


k(|)  <{«V) 

\ez  -r  -iy 


6  *  tan 


(a)  0  i  8  <  tt 

(b)  If  n  -  0,  then  8  *  it,  when  £  <  1.0 
If  n  ■  0,  then  8-0,  when  £  >  1.0 
If  £  -  0,  then  8  -  it 

and,  from  equations  (6i) ,  (6k),  (7d),  (7i)  and  (9a) 

i  4.  r.4n  JL' 


♦ 


-(f) 


2£n  -»^R  (n  cos  y  +  £  sin  y)  +  tan 


‘(f) 


■l  /n  +  *^R  sin  2 \ 
\£  +  •''R  cos  y/ 


(2£n) 


where 


0  *  tan 


-if  n  +  viT sin  2 
[z  +  /Rcos| 


£  JL 


(9b) 


(9c) 


(9d) 


(9e) 


Equations  (9b)  and  (9d),  together  with  the  conditions  specified  by  (9c)  and 
(9e),  determine  $  and  ,  respectively,  for  the  combined  flow  as  functions  of  £ 
and  n  in  the  t-plane. 
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Flow  Field  in  Physical  z-plane 


Distribution  of  $  and  i j>  in  z-plane.  The  distributions  of  $  and  41  as  functions 
of  5  and  n  in  the  t-plane  are  known  from  equations  (9b)  and  (9d),  respectively. 
Also,  the  distributions  of  x  and  y  as  functions  of  5  and  n  are  known  from  equa¬ 
tions  (5a)  and  (5b),  respectively.  Therefore,  from  equations  (5a),  (*b)  and 
(9b),  the  distribution  of  4>  is  known  as  a  function  of  x  and  y  in  the  physical 
z-plane;  and  likewise,  from  equations  (5a),  (5b)  and  (9d) ,  the  distribution  of 
if/  is  known  as  a  function  of  x  and  y. 

Distribution  of  u  and  v  in  z-plane.  To  determine  the  distributions  of  u  and  v 
in  the  z-plane,  note  that 


and 


3<X>  3$  3x  3$  3y 
3?  "  3x  35  3y  35 


■  u 


3x 

n 


+  V 


3C 


34>  3»  3x  3$  3y 
3q  "  3x  3q  3y  3n 


3x 

U3^  + 


3n 


Equations  (10a)  and  (10b)  can  be  solved  for  u  and  v.  Thus, 


and 


(10a) 


(10b) 


(10c) 


(10d) 


The  various  terms  on  the  right  hand  sides  of  equations  (10c)  and  (lOd)  are 
obtained  from  equations  (5a),  (5b)  and  (9b).  Thus,  from  equation  (5a), 


and 


-(GG)  -vf  (I) (E)  +  (H) (C) 

2  2/R 


3x  (2\  G  -  vf  (I)(D)  +  (H)  (B) 

3£"w  2  2/R 


(lOe) 


(lOf) 
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A  »  (1  -  C2+  n2)2  +  (2Cn)2 

B '  H  '  ^  [«<«*-»  ♦  uj] 

c  ■  In  '  ^  [2"a  +  "2>  +  2s2n] 

D  ■  fe  ■  A  (1+  C2  +  n2)j  • 

1  ■  IS  ■  i  ■  [-«  <^2  -"2>] 

2  2 
F  ■  (-n  +  cos  f)  +  (£  +  i(r  sin  ■“•) 

G  -  vlf  cos  -j  +  |j-  (-n  +  cos  y) 

GG  -  JR  sin  |  -  |  U  +  ^  sin  |) 

H  -  (£  cos  -  n  sin  f)  “  p  (C  cos  f  +  n  sin  f) 

I  -  (n  cos  -|-  +  £  sin  ^  (“H  cos  \  +  f*  8in  +  ^ 


Next,  from  equation  (5b), 

G  +  ^  (H)  (E)  + 

2^  . 

and 


h.  m 

3£ 


(GG)  +  ^  (H)  (D)  +  •^ri 

2  2/R 


Then,  from  equation  (9b)  , 


it.  (±) 
H  \ir  J 


(1  +  K)  £  -/R  cos  f 


and 


2r> 


(r)  ["(1  +  K)n  +  sin  -ll 


Thus ,  the  velocity  components  u  and  v  in  the  z-plane  are  given  as  functions  of  C 
and  n  by  equations  (10c)  and  (lOd) ,  respectively,  together  with  the  auxiliary 
equations  (lOe) ,  (lOf),  (10g),  (lOh),  (lOi) ,  (lOj)  and  (10k).  Finally,  because 
x  and  y  are  known  functions  of  £  and  n  from  equations  (5a)  and  (5b),  the  velocity 
components  u  and  v  in  the  z-plane  are  known  functions  of  x  and  y. 

Distribution  of  q  and  a  in  z-plane.  From  the  preceding  section,  the  distribu¬ 
tions  of  u  and  v  in  the  z-plane  are  known.  Thus,  from  figure  3, 


and 


/uz  +  vz 

(11a) 

‘-■‘(iJ 

(lib) 

Equations  (11a)  and  (lib)  determine  the  distributions  of  q  and  a  in  the  z-plane. 


Drop  rate  parameter  K.  The  drop  rate  parameter  K  is  defined  in  equation  (7e)  as 
the  ratio  of  "effective"  drop  rate  vj£*  to  actual  burning  velocity  v*.  Thus, 


K 


D 


(7e) 


First,  consider  the  "effective"  drop  rate  vfj*.  So  far,  in  this  analysis, 
the  density  of  the  plume  and  the  density  of  the  surrounding  air  have  been  treated 
as  equal.  In  fact,  they  are  not,  and,  as  pointed  out  in  the  section  on 
assumptions .  the  higher  momentum  of  the  drop  rate  due  to  the  higher  density  of 
the  air  must  have  an  important  Influence  on  the  shape  and  extent  of  the  plume. 

To  correct  for  this  influence,  an  "effective"  drop  rate  v**  is  defined  so  that 
the  momentum  of  the  "effective"  drop  rate  based  on  plume  density  is  equal  to  the 
momentum  of  the  actual  drop  rate  based  on  air  density.  Thus, 

it**  p  ■  v*  p_j_  (12a) 

D  Fgas  D  Hair 


where  Pgas  and  Pair  are  the  actual  densities  of  the  plume  gas  and  atmospheric 
air,  respectively,  and  where  vi  i*j  the  actual  drop  rate  of  the  flare.  Thus,  from 
(12a) 


v**  -  v* 


(12b) 


Thus,  the  effective  drop  rate  v£*  of  the  flare  is  equal  to  its  actual  drop  rate 
multiplied  by  the  ratio  of  air  density  to  plume  density. (Note  that  the  effective 
drop  rate  is  hlgjher  than  the  actual  drop  rate,  because  air  density  ia  higher  than 
plume  density.) 


Next,  consider  the  burning  v*.  This  velocity  is  defined  as  the  (constant) 
velocity  component  of  the  plume  gas  normal  to  the  burning  face  of  the  flare.  From 
continuity  considerations, 


VB  pgas  *  VFL  PFL 


(12c) 
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where  v*  and  p„T  are  the  actual  burning  rate  and  density  of  the  solid  flare 
material,  respectively.  From  equations  (7e) ,  (12h)  and  (12c), 


VD*  /  * D  W  ^air\ 
VB  \FL/  \PFL  / 


(12d) 


Thus,  from  equation  (12d) ,  the  drop  rate  parameter  K,  which  is  the  only  input 
variable  for  numerical  calculations  (other  than  the  selection  of  grid  points  in 
the  flow  field)  ,  is  equal  to  the  ratio  of  actual  drop  rate  to  actual  burning 
rate  (of  solid  flare  material)  multiplied  by  the  ratio  of  air  density  to  density 
of  solid  flare  material.  This  drop  rate  parameter  corrects  (approximately)  for 
the  influence  of  high-density  &ir  on  the  shape  of  the  lower-density  plume. 

Pressure  distribution  in  z-plane.  The  pressure  distribution  in  the  z-plane  is 
obtained  from  the  velocity  distribution  as  follows.  In  the  flow  field  of  the 
surrounding  air. 


(*,t)air  "  pa  +  (vtfT 

Zg 


(13a) 


where  pt  is  total  pressure  and  p  is  atmospheric  static  pressure.  The  density 

p  is  used  in  equation  (13a),  fecause  the  "effective"  drop  rate  v**  is  used, 
gas  u 


In  the  flow  field  of  the  gas  plume, 

p 

fn  )  *  n  +  ■  (q 

^"t ''plume  P  2g  Vq  VB' 

where  (q  v*)  is  the  local  (dimensional)  velocity. 


(13b) 


The  total  pressures  in  (13a)  and  (13b)  are  equal,  so  that  subtracting  (13a) 
from  (13b)  and  rearranging  gives 


p  ~pa 

p«aa  (v*)2 

2«  ' 


K2  -a2 


(13c) 


Equation  (13c)  gives  the  (dimensionless)  static  pressure  parameter  P  in  terms 
of  the  drop  rate  parameter  K  and  the  local  (dimensionless)  velocity  q.  For 
negative  values  of  P,  the  local  static  pressure  is  less  than  atmospheric. 

Stagnation  point  location.  For  flares  falling  through  the  atmosphere  (K  >0),  the 
maximum  penetration  of  the  plume  upstream  from  the  burning  face  occurs  on  the  y- 
axis,  as  shown  in  figure  7(a).  This  point  can  be  determined  analytically  by 
noting  that  it  is  a  stagnation  point.  Furthermore,  this  stagnation  point  on 
the  y-axis  in  the  z-plane  is  likewise  a  stagnation  point  on  the  n-axls  in  the 
t-plane  (see  figure  7(a)).  Now,  from  equation  (lOj),  the  velocity  3*/3£  in  the 
t-plane  is  everywhere  zero  along  the  n-axls  (where  £  equals  zero).  Thus,  the 
stagnation  point  occurs  on  the  n-axis  at  that  value  of  n  (equals  nQ)  for  which 
the  velocity  9$/3n  is  zero.  From  equation  (10k),  with  £  equal  to  zero. 
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Hr-0*  (I)  [-  ti  +  K)  n.  +Vi  +  d] 


2K  +  K" 


(14a) 


Equation  (14a)  gives  n«  as  a  function  of  the  drop  rate  parameter  K.  The 
corresponding  value  of  y,  is  obtained  from  equation  (5b)  with  £  equal  to  zero  and 
with  n  given  by  equation  (14a)  .  Thus , 


*■0  L^+MH] 


(14b) 


Equation  (14b)  gives the  location  y,  of  the  stagnation  point  on  the  y-axis  as  a 
function  of  the  drop  rate  parameter  K.  Tabulated  values  of  y,  as  a  function  of 
K  are  given  in  the  table  below,  and  the  relationship  is  plotted  in  figure  11, 
where  it  is  noted  that  y«  goes  to  infinity  as  the  drop  rate  ( i.e.t  K)  goes  to 
zero. 


0.1  4.3038 

0.2  2.4995 

0.3  1.8478 

0.4  1.4987 

0.5  1.2762 

0.6  1.1197 

0.7  1.0023 

0.8  0.9103 

0.9  0.8359 

1.0  0.7741 

1.2  0.6769 

1.4  0.6034 

1.6  0.5455 

1.8  0.4985 

2.0  0.4594 

Dimensionless  time  parameter  t.  A  parameter  of  some  Interest,  particularly 
when  considering  the  variation  in  fluid  particle  temperature  with  time  due  to 
radiation,  is  the  dimensionless  time  parameter  t.  The  value  of  this  parameter 
at  any  point  in  the  flow  field  (of  the  plume)  determines  the  time  that  the  fluid 
particle  at  that  point  has  existed  since  leaving  the  burning  face  of  the  flare. 
The  parameter  is  determined  by  Integrating  time  as  the  :  jid  particle  moves 
along  its  streamline.  Thus, 
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Figure  11.  -  Location  y  of  j 
surrounding  air 
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t 


I 


But , 


t 


dt 


0 


or,  in  dimensionless  form, 


(15a) 


(15b) 


so  that,  from  equations  (15a)  and  (15b), 

s 

ds  (15c) 

q 

0 

Equation  (15c)  gives  the  dimensionless  time  parameter  t.  This  parameter  is 
evaluated  by  numerical  integration  after  the  streamlines  and  velocity  distribu¬ 
tion  have  been  plotted  in  the  physical  z-plane. 


NUMERICAL  PROCEDURE 


In  this  part  of  the  report,  the  numerical  procedure,  including  inputs,  out¬ 
puts  and  the  computer  program  are  presented  and  discussed  briefly. 

Outline  of  procedure.  The  object  of  the  numerical  calculations  is  to  determine, 
in  the  physical  z-plane,  the  flow  net  (streamlines  and  velocity  potential  lines) 
and  the  distribution  of  various  fluid  properties  (velocity  components,  flow 
direction  and  static  pressure)  for  a  plane,  two-dimensional  flare  dropping 
through  the  atmosphere.  The  solutions  are  obtained  in  the  transformed  t-plane 
at  points  (€,n)  of  an  arbitrarily-selected  grid.  At  each  of  these  grid  points, 
the  corresponding  point  (x,y)  in  the  z-plane  is  determined,  together  with  the 
stream  function  velocity  potential  $  and  all  other  fluid  properties  in  the 
physical  z-plane. 

Input 8.  Once  the  grid  points  have  been  selected  in  the  t-plane,  the  only 
required  input  is  the  drop  rate  parameter  K,  which  relates  the  "effective"  drop 
rate  of  the  flare  to  the  burning  rate  (see  equation  12d). 

Numerical  procedure.  At  selected  grid  points  (£,n)  in  the  transformed  t-plane, 
the  following  quantities  are  computed  for  tne  physical  z-plane: 
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Equation 

(5c) 

(5d)  and  (5f) 

(Sa)  and  (5e) 

(5b) 

(9b)  and  (9c) 

(9d)  and  (9e) 

(10c)  I  together  with  (lOe) ,  (10f), 

(lOd)  1  (10g),(10h),(10i),(10j),  and  (10k) 

(11a) 

(lib) 

(13c) 


This  numerical  procedure  has  been  programed  for  computer  calculation.  A 
brief  description  of  the  program,  together  with  the  program  listing  and 
Instructions  for  preparation  of  input  cards,  is  given  in  Appendix  III. 

Outputs.  Outputs,  in  the  order  listed  on  the  computer  print-out,  are: 
C*n,x,y,4>,^,u,v,q,a  ,and  P. 


NUMERICAL  RESULTS  AND  DISCUSSION 


Five  numerical  examples  are  presented  and  analyzed.  In  addition,  the  so- 
called  "edge-effect"  is  discussed,  and  reconmendatlons  for  future  work  are  made. 


Typical  value  for  K.  Before  presenting  the  numerical  examples,  a  typical  value 
for  the  drop  rate  parameter  K  is  determined.  From  equation  (12d), 


(12d) 


In  equation  (12d),  let 


v*  »  actual  drop  rate  of  flare  -  12  ft/sec 

v*L  -  burning  rate  of  solid  flare  material  ■  9  ins /min  -  0.0125  ft/sec 


pair  -  weight  density  of  air  -  0.0765  lb/ft3 
PpL  ■  weight  density  of  solid  flare  material 

so  that  K  ■  / — — — /010765\  B  0.408 
V0.0125/  V  180  /  * 


-  180  lb/ft3 
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Thus,  a  typical  value  for  K  is  0.4.  (Of  course,  K  is  zero  fora  stationary  flare X 

Numerical  examples.  Numerical  results  are  presented  for  five  values  of  K: 

0,  0.1,  0.3,  0.5  and  0.7.  These  results  are  presented  in  figures  12  through  16, 
which  show  the  two-dimensional  flow  field  (x-y  coordinates)  surrounding  the  flare 
in  the  physical  z-plane.  (The  computer  output  tables  for  the  five  examples  are 
listed  in  Appendix  m.)  Because  the  flow  is  symmetrical  about  the  centerline 
of  the  flare,  which  lies  along  the  y-axis,  the  flow  field  presented  in  the 
figures  is  limited  to  positive  values  of  x.  In  each  of  these  figures,  the 
orthogonal  network  of  streamlines  (constant  t|»)  and  velocity  potential  lines 
(constant  4>)  is  shown  together  with  lines  of  constant  velocity  0  (equals  q)  and 
lines  of  constant  time  parameter  t. 

In  this  analysis,  for  all  values  of  K,  the  streamf unction  4>  is  zero  along 
the  side  of  the  flare  (x  -  1,  y  <.  0),  and  is  unity  for  the  straight,  centerline 
streamline,  which  starts  at  the  center  (x  -  0)  of  the  burning  face  and  rises 
along  the  positive  y-axis.  If  the  flare  has  a  drop  rate  (K  >  0),  then  along 
this  centerline  streamline,  the  plume,  gas  rising  (v  >  0)  from  the  burning  face 
of  the  flare  meets  the  air  descending  (v  <  0,  due  to  the  drop  rate)  from  the 
atmosphere.  At  the  resulting  stagnation  point  (y»,  see  equation  (14b)  and 
figure  1.1),  the  streamline  (<J>  -  1.0)  branches  left  and  right,  and  forms  the 
boundary  between  the  plume  and  the  surrounding  air.  Thus,  for  K  >  0,  the  stream¬ 
line  -  1.0  determines  the  shape  of  the  plume.  (In  this  analysis,  for  K  -  0, 
the  plume  occupies  the  entire  flow  area.)  A  comparison  of  figures  13  through  16 
shows  the  effect  of  drop  rate  on  the  size  and  shape  of  the  plume.  It  is  noted 
that  as  drop  rate  (K)  Increases,  the  size  of  the  plume  decreases. 

For  all  values  of  K,  the  v  component  of  the  velocity  q  (equals  Q  in  figures 
12  through  16)  is,  from  continuity,  constant  along  the  burning  face  of  the  flare 
(01x41  and  y  -  0) ,  and  is,  by  definition,  equal  to  1.0.  At  the  center  of  the 
flare  (origin;  x  ■  0  and  y  -  0),  the  u  component  of  velocity  is,  from  symmetry, 
zero,  so  that  the  velocity  q  is  unity.  As  x  Increases  from  the  center  (origin), 
the  u  component  increases,  and  the  velocity  q  increases  to  infinity  at  the  edge 
(  x  ■  1,  y  ■  0).  This  Increase  to  infinite  velocity  at  the  edge  is,  however,  a 
highly  localized  effect.  For  example,  the  velocity  at  x  -  0.9626  ( i.e.t  within 
3.74  percent  of  a  flare  radius  r*  from  the  edge)  is  (only)  3.65  for  K  «  0.7  and 
is  less  for  lower  values  of  K.  This  "edge-effect"  results  (theoretically)  in  an 
infinite  negative  pressure  P  at  the  edge,  which  pressure  supplies  the  necessary 
force  to  turn  the  flow  around  the  sharp  corner  at  the  edge.  In  fact,  for  real 
fluids,  this  force  cannot  exist,  and  separated  flow  of  some  type  occurs  at  the 
edge  to  prevent  the  infinite  velocity. 

Elsewhere  in  the  flow  field,  the  velocity  is  zero  at  the  stagnation  point 
(figures  13  through  16) ,  and  the  stagnation  point  is  encircled  by  lines  of 
constant  q.  Also,  far  downstream  from  the  burning  face  of  the  flare,  the 
velocity  in  the  plume  approaches  the  value  of  the  drop  rate  parameter  K.  A 
comparison  of  figures  12  through  16  shows  the  effect  of  drop  rate  on  the  velocity 
distribution.  It  is  noted  that  as  drop  rate  (K)  Increases,  the  velocities 
within  the  plume  increase.  It  should  also  be  noted  that,  because  K  is  based  on 
an  "effective"  drop  rate  (equation  12d),  the  velocities  in  the  air  outside 
of  the  plume  are  fictitious.  These  fictitious  velocities  are  corrected 
(approximately)  when  multiplied  by  p  /p  .  (see  equation  12b). 


Lines  of  constant  time  parameter  r  in  figures  12  through  16  indicate  the 
time  (in  dimensionless  form)  that  a  fluid  particle  at  any  point  (x,y)  in  the 
plume  has  existed  since  leaving  the  burning  face  of  the  flare.  Presumably,  for 
a  particle  radiating  energy,  the  longer  this  time  the  cooler  the  partible. 

(Note  that  r-lines  exist  within  the  plume  only.)  A  comparison  of  the  t-lines 
in  figures  12  through  15  showfi  that,  as  the  drop  rate  K  increases,  a  line  of 
constant  t  (1.4,  for  example)  encompasses  areas  of  moderately  different  shape, 
but  of  nearly  equal  areas.  Thus,  it  is  concluded  that  drop  rate  K  may  not  have 
a  pronounced  effect  on  intensity  of  illumination. 

It  is  noted  from  equation  (15c)  that,  for  a  given  value  t  at  a  given 
point  in  the  flow  field,  the  larger  the  flare  radius  r*  and  the  lower  the  burning 
rate  v*  the  longer  the  time  t  that  the  fluid  particle  has  existed  in  the  plume. 
Therefore,  if  longer  time  means  lower  ,  **11016  temperature,  it  can  be  concluded 
that  the  luminosity  per  unit  area  of  burning  surface  is  higher  for  smaller  burn¬ 
ing  areas,  i.e.,  for  smaller  r*.  Thus,  for  a  given  weight  of  flare  material, 
one  large  flare  may  be  less  efficient  than  a  multiplicity  of  smaller  flares  with 
the  same  total  burning  area.  Likewise,  it  is  concluded  that  the  luminosity  per 
unit  area  of  burning  surface  is  higher  for  higher  burning  rates  vg. 

"Edge-effect".  For  the  analysis  of  this  report, an  infinite  velocity  results  from 
flow  around  the  sharp  corners  at  the  two  edges  (x  -  ±  1,  y  ■  o)  of  the  flare. 

For  real  fluids,  infinite  velocities,  with  Infinite  negative  pressures  (equation 
13c),  cannot  exist.  Thus,  for  real  fluids,  this  "edge-effect"  is  eliminated  by 
some  type  of  separation  that  prevents  flow  around  the  sharp  corner.  For  a 
stationary  flare  (K  -  0),  the  separated  flow  region  may  be  atmospheric  air,  the 
flow  of  which  is  Induced  by  jet-mixing  of  the  plume  (figure  17).  For  a  moving 
flare  (K  >  0),  the  separated  flow  may  be  a  bubble  of  the  plume  gas  Itself. 

In  either  case,  the  separated  flow  at  each  edge  is  given  by  a  two-dimensional 
vortex  conforming  to  the  boundaries  of  the  solid  flare  and  its  plume. 

For  a  stationary  flare  (K  ■  0),  the  size  of  the  vortex  will  be  large  and  its 
center  (a  singularity)  will  be  located  far  from  the  edge  of  the  burning  surface. 
As  K  Increases,  however,  the  size  of  the  vortex  will  decrease,  and  its  center 
will  move  progressively  closer  to  the  edge.  (One  criterion,  of  course,  for  the 
sice  and  location  of  the  vortex  is  the  elimination  of  Infinite  velocity  at  the 
edge.)  It  is  recommended  that  the  (preliminary)  mathematical  model  of  this 
report  be  modified  to  Include  the  above  vortices. 

Recommendations .  There  is  much  fruitful  work  yet  to  be  done  on  a  mathematical 
model  for  illuminating  flares.  First  emphasis  for  future  work  should  be  placed 
on  resolution  of  the  "edge-effect,"  as  outlined  in  the  previous  section. 
Additional  problems  to  be  considered  Include: 

(1)  Effects  of  radiation  and  heat  conduction  within  the  flare. 

(2)  Effects  of  mixing  between  the  plume  and  the  surrounding  air  or  other 
gases. 

(3)  Effects  of  axial  symmetry  (as  opposed  to  the  plane,  two-dimensional 
treatment  of  the  present  report). 

(4)  Effect  of  two  fluids  (two  densities;  one  for  the  plume  and  one  for 
the  surrounding  air). 
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Induced  flow  of  air  due  to  Jet-mixing  jet  ween 
plume  and  surrounding  air  (stationary  flare, 


(5)  Effect  of  compressibility  (variable  density  due  to  temperature  and 
pressure  variations). 

(6)  Effects  of  buoyancy  and  cross-wind  on  plume  configuration. 

(7)  Effect  of  burning  surface  shape  on  plume  configuration. 

All  of  the  above  effects  can  be  factored  into  the  ultimate  mathematical 
model  for  Illuminating  flares. 


SUMMARY 


A  mathematical  model,  based  on  incompressible,  potential  flow,  is  developed 
for  plane,  two-dimensional  illuminating  flares  dropping  through  the  atmosphere. 
With  the  equations  expressed  in  dimensionless  form,  the  results  depend  on  a 
single  input  variable;  the  drop  rate  parameter  K.  Five  numerical  examples  are 
presented  for  five  values  of  K,  including  the  stationary  case  (K  ■  0).  The 
numerical  results  are  given  by  plots  of  the  two-dimensional,  orthogonal  network 
of  streamlines  and  velocity  potential  lines.  Superimposed  on  these  flow  fields 
are  lines  of  constant  velocity  q  and  lines  of  constant  time  parameter  t,  where  t 
measures  the  time  that  a  local  fluid  particle  has  existed  since  leaving  the 
burning  face  of  the  flare. 

Comparison  of  the  plots  shows  the  effect  of  drop  rate  K  on  the  size  and 
shape  of  the  illuminating  plume,  and  on  the  velocity  distribution  within  the 
plume.  It  is  noted  that,  as  the  drop  rate  increases,  the  size  of  the  plume 
decreases.  However,  it  is  also  noted  that,  as  the  drop  rate  K  Increases,  a 
given  line  of  constant  t  continues  to  encompass  areas  of  nearly  equal  magnitude. 
Thus,  assuming  that,  for  a  radiating  fluid,  light  Intensity  is  approximately 
constant  for  constant  t  lines,  it  is  concluded  that  drop  rate  K  may  not  have  an 
Important  effect  on  illuminating  intensity. 

Other  points  of  Interest  are  as  follows: 

(1)  For  the  mathematical  model  developed  in  this  report,  the  (dimensionless) 
velocity  along  the  burning  face  of  the  flare  increases  from  1.0  at  the  center  to 
infinity  at  the  edge.  (This  Increase  to  very  high  velocities  near  the  edge  is, 
however,  a  highly  localized  "edge-effect".)  The  very  high  (infinite)  velocity 
associated  with  the  "edge-effect"  cannot  exist  in  real  fluids,  and  it  is  con¬ 
cluded  that  separated  flow  occurs  (at  the  edge)  to  eliminate  it.  A  vortex  model 
is  proposed"  to  account  for  this  separation. 

(2)  It  is  concluded  that  the  luminosity  per  unit  area  of  burning  surface  is 
higher  for  smaller  burning  areas,  i.e. ,  for  smaller  flares.  Thus,  for  a  given 
weight  of  flare  material,  one  large  flare  may  be  less  efficient  than  a  multi¬ 
plicity  of  smaller  flares  with  the  same  total  burning  area. 

(3)  Also,  it  is  concluded  that  the  luminosity  per  unit  area  of  burning 
surface  is  higher  for  higher  burning  rateo. 
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Finally,  there  is  much  fruitful  work  yet  to  be  done  on  the  mathematical 
model  for  illuminating  flares.  First  emphasis  should  be  placed  on  the  high 
velocity  problem  associated  with  the  "edge-effect".  After  completion  of  this 
effort,  seven  additional  are-is  are  recommended  for  future  work. 


SECTION  III 


THERMOCHEMICAL  CALCULATIONS  AND  CORRELATION  WITH  EXPERIMENTAL  RESULTS 

INTRODUCTION 


The  ability  to  predict  flare  plume  ten^eratures  by  use  of  a  computer  or 
to  show  what  temperature  should  be  realized  for  a  given  formulation  can  be 
of  significant  value  in  analysis  of  flare  performance,  interpretation  of 
results,  and  subsequent  development.  As  a  first  step  in  attempting  to 
accomplish  this,  thermochemical  calculations  were  made  on  a  digital  computer 
by  means  of  an  automatic  computation  method  which  for  given  formulations  and 
pressures  gave  the  mole  fractions  of  combustion  products  and  equilibrium 
temperatures.  Then  an  attempt  was  made  to  determine  the  degree  of  correlation 
that  could  be  established  between  the  theoretical  and  experimental.  Computa¬ 
tions  were  made  for  a  number  of  flare  formulations  and  tei..  eratures  were 
experimentally  measured  for  magnesium-Laminac*-  sodium  nitrate  flares  of  varying 
magnesium  ratios.  The  objective  was  to  see  if  correlation  between  computed 
and  experimental  values  for  formulations  composed  of  varying  amounts  of  one 
set  of  chemical  components  could  be  achieved  in  order  to  establish  a  confidence 
factor  for  the  computational  procedure.  Temperature  measurements  were  made  with 
chrome 1-alumel  thermocouples  where  temperatures  were  below  approximately  2300° F 
and  tungsten-5%  rhenium/  tungs  ten-26  %  rhenium  thermocouples  were  used  for  tempera¬ 
tures  above  2300° F.  Hie  results  of  the  thermochemical  computations  are  given  in 
the  form  of  curves  for  discussion  purposes  and  complete  results  are  provided  in 
tables  in  the  appendixes  for  more  detailed  study.  The  results  of  the  temperature 
measurements  are  given  in  plots  of  temperature  versus  distance  from  the  flare 
surface.  Analysis  of  results  and  recommendations  for  further  study  are 
Included. 

THERMOCHEMICAL  CALCULATIONS 

The  thermochemical  calculations  were  made  on  a  digital  computer  using  a 
modified  version  of  the  program  outlined  in  reference  1.  That  program,  which 
was  developed  for  rocket  propellants,  is  completely  general.  It  must  be 
assumed,  however,  that  for  flares  burning  in  the  atmosphere  the  chamber  wails 
are,  in  effect,  composed  of  surrounding  inert  gases.  The  following  input  data 
are  required  by  the  main  calculating  program  for  the  solution  of  equilibrium 
compositions  and  temperature  following  an  adiabatic  combustion  process: 

■t  •  4  <  «  " 

(1)  The  reaction  products  to  be  considered 

(2)  Gram  atoms  of  elements  in  1  gram  of  fuel  and  1  gram  of  oxidant 

(3)  Enthalpies  of  fuel  and  oxidant  per  gram  of  fuel  and  oxidant 

(A)  Oxidant  to  fuel  weight  ratio  0/F  (or  percent  fuel  or  equivalence 
ratio  r).  For  computational  convenience,  all  constituents  may  be 
treated  as  fuel. 

(5)  Thermodynamic  data  for  products  considered 

(6)  Chamber  pressure 

(7)  Initial  estimate  of  temperature,  composition,  and  number  of  formula 
weights. 

*Laminac  4116  -  a  polyester-styrene  copolymer,  a  product  of  American  Cyanamid 
Company 
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(One  difficulty  encountered  in  the  use  of  the  program  was  acquisition  of 
input  data  for  flares  containing  barium  and  strontium.  Attempts  were  made  to 
compute  temperatures  for  formulations  reported  in  reference  2  but  data  on 
barium  and  strontium  products  had  not  been  developed,  primarily  because  they 
are  not  normally  used  in  rocket  fuels.  These  are  the  only  two  elements  for 
which  this  difficulty  was  encountered.) 

The  program  written  in  reference  1  is  for  an  IBM  650  computer  with 
2000  words  of  drum  storage  and  60  words  of  high  speed  core  storage.  It  is 
limited  to  30  reaction  products.  The  modified  program  uses  an  IBM  360  model 
50  computer  and  can  accomodate  90  reaction  products. 

A  typical  result  from  the  computer  is  shown  in  appendix  V.  The  symbols 
used  are  explained  in  the  list  of  abbreviations  and  symbols,  appendix  IV.  The 
table  is  self-explanatory  except  possibly  the  designations  of  chamber,  throat, 
and  exit  which  apply  principally  to  rocket  motors.  As  was  noted,  the  program 
was  initially  set  up  for  rocket  fuels  and  although  not  all  of  the  items  shown 
are  required  for  this  application,  they  were  not  deleted  from  the  program  in 
the  event  that  they  may  be  useful  in  the  future. 

Computations  were  made  for  a  range  of  ingredient  ratios  for  formulations 
including  a  number  of  binder  systems  and  the  results  of  the  computations  are 
included  in  the  appendixes  for  evaluation  of  the  parameters.  The  results 
were  plotted  as  shown  in  figures  18, 19, 20, and  21.  These  are  discussed  from 
standpoint  of  theoretical  performance  in  the  following  subsections. 

Magnesium-Laminae -8 odium  nitrate  -  Pressed  formulations  containing  magnesium. 
Laminae,  and  sodium  nitrate  are  widely  used.  Calculations  were  made  primarily 
for  flares  of  this  formulation  containing  5%  Laminae.  However,  the  Mark-24 
flare  contains  4.5Z  Laminae  and  separate  calculations  were  made  for  that 
formulation.  A  plot  of  plume  temperature  and  principal  gaseous  and  solid 
components  are  plotted  against  weight  percent  magnesium  in  figure  18,  There 
are  several  observations  that  can  be  made.  The  first  is  that  for  687.  Mg  the 
maximum  plume  temperature  is  low  enough  to  be  measured  with  chromel-alumel 
thermocouples.  The  second  is  that  for  58%  magnesium  which  most  closely 
approximates  the  Mark-24  flare  formulation,  the  theoretical  temperature  is 
less  than  4000° F  which  is  substantially  below  the  temperatures  for  formula¬ 
tions  having  30  to  50  percent  magnesium.  Computations  for  the  Mark-24 
formulation  (58  percent  magnesium,  4.5  percent  Laminae,  and  37.5  percent 
sodium  nitrate)  are  included  in  appendix  V. ,  The  maximum  theoretical 
temperature  for  the  Mark-24  formulation  is  4256° F  at  sea  level. 

A  third  observation  is  that  the  maximum  sodium  gas  content  is  obtained 
with  approximately  30  percent  magnesium  and  at  a  temperature  of  4962° F. 

This  temperature  of  4962° F  is  700° F  higher  than  the  theoretical  for  the 
Mark-24  flare  and  the  mole  percent  of  sodium  gas  is  50  percent  greater.  If 
sodium  is  a  major  source  of  illumination  this  could  be  significant.  The  mole 
percent  of  magnesium  gas  drops  almost  to  zero  from  36  mole  percent  in  going 
from  58  percent  to  30  percent  magnesium  and  the  magnesium  oxide  rises  from 
32  mole  percent  to  38  mole  percent. 

Computations  were  also  made  at  0.39  psi  (approximately  81,000  feet 
altitude)  to  evaluate  altitude  effects.  The  results  of  these  computations 
are  given  in  appendix  V  and  effects  on  equilibrium  temperatures  are  shown 
in  figure  18.  The  sensitivity  of  temperature  to  pressure  below  60  percent 
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Figure  18-  Computer  result:'  for  flares  burning  In  an  inert  atmosphere.  Flare 
composition  -  57,  Laminae,  magnesium  as  shown  and  remainder  sodium  nitrate. 
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magnesium  is  apparent.  Further  examination  of  figure  18  indicates  that  with 
a  decrease  in  pressure  and  for  magnesium  content  below  60  percent  there  is 
an  increase  in  gaseous  magnesium  and  a  decrease  in  magnesium  oxide.  The 
heat  lost  in  vaporization  of  magnesium  and  the  smaller  amount  of  heat 
generated  by  the  lesser  amount  of  magnesium  being  oxidized  probably  accounts 
for  the  lower  temperature.  Between  60  and  65  percent  magnesium  content  there 
is  little  change  and  above  65  percent  the  decrease  in  magnesium  vapor  apparently 
offsets  the  decreased  magnesium  oxide  resulting  in  a  smaller  change  in  tempera¬ 
ture.  Further  consideration  of  pressure  effects  will  be  given  in  the  analysis 
of  results  section. 

Magnesium-glyc idyl  methacrylate-sodium  perchlorate  -  Cast  formulations  using 
magnesium,  glycidyl  methacrylate,  and  sodium  perchlorate  have  been  investigated, 
and  the  experimental  results  are  contained  in  references  3  and  4.  Thermo¬ 
chemical  computations  were  made  for  varying  percentages  of  magnesium  and 
sodium  perchlorate  while  holding  the  glycidyl  methacrylate  content  at  15  per¬ 
cent.  The  numerical  results  are  shown  in  appendix  VI  and  a  plot  of  plume 
temperature  and  principal  gaseous  and  solid  components  versus  weight  percent 
magnesium  is  shown  in  figure  IV.  It  can  be  seen  from  the  results  shown  in 
figure  19  that  the  gaseous  sodium  in  the  plume  is  only  approximately  half  that 
in  the  magnesium-Laminac -sodium  nitrate  flare  plumes.  An  unknown  factor 
regarding  the  glycidyl-methacrylate  formulations  is  the  illumination  that 
may  be  expected  from  the  sodium  chloride  gas  in  the  plume.  For  example, 
with  15  percent  glycidyl  methacrylate,  42.5  percent  magnesium,  and  42.5  per¬ 
cent  sodium  perchlorate  the  mole  percent  of  sodium  chloride  is  5.9.  This 
mole  percent,  together  with  the  sodium  gas  mole  percent  of  3.85,  provides  a 
total  sodium  content  that  would  be  more  in  line  with  that  provided  by  the 
flares  containing  sodium  nitrate  but,  as  previously  stated,  adequate  informa¬ 
tion  is  not  available  to  make  an  assessment.  As  with  the  Laminac-bound 
flares  the  equilibrium  temperature  remains  high  as  the  weight  percent  of 
magnesium  is  decreased.  The  moli  percent  of  sodium  remains  approximately 
constant  below  40  weight  percent  magnesium. 

Computations  of  performance  at  altitude  were  not  made  for  this  formula¬ 
tion  or  any  of  the  remaining  formulations.  One  computation  was  made  for 
sodium  nitrate  as  a  replacement  for  sodium  perchlorate  and  the  results  of  the 
computations  are  shown  in  figure  19 as  single  points.  The  computations  are 
Included  in  appendix  VI.  It  can  be  observed  in  figure  19  that  the  temperature 
for  the  sodium  nitrate  composition  is  700® F  lower  than  for  the  sodium 
perchlorate  flare  but  that  the  mole  percent  of  sodium  gas  is  more  than  three 
times  as  great, 
i 

Viton  A- Teflon-magnesium-sodium  nitrate  -  Tetrafluoroethylene  (TFE) 
binder  systems  apparently  have  not  been  widely  used  in  flare  manufacturing. 
However,  they  were  evaluated  and  reported  in  reference  2.  One  possible 
advantage  of  TFE  binders  is  that  the  binder  is  an  oxidizer  and  can  play  a 
role  in  flare  formulation  that  is  not  possible  for  the  fuel  binders.  A 
combination  of  TFE  (Teflon)  and  Viton  A,  which  is  a  hydrogenated  TFE  type 
compound,  has  been  successfully  used  in  pressed  formulations  with  magnesium 
and  barium  nitrate  for  gas  generation  in  supersonic  aircraft  engine  fire 
extinguishers,  reference  5, 

Thermochemical  computations  were  made  for  formulations  ranging  from  34 
to  54  percent  magnesium  with  11  percent  Teflon,  11  percent  Viton  A,  and  the 
remainder  sodium  nitrate.  Hie  results  of  the  computations  are  shown  in 
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Figure  19  -  Computer  results  for  flares  burning  in  an  inert  atmosphere.  Flare 
composition  -  15%  glycidyl  methacrylate,  magnesium  as  shown,  and  remainder 
sodium  perchlorate.  Encircled  points  show  result  of  replacing  sodium  per¬ 
chlorate  with  sodium  nitrate. 
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appendix  VII  and  plots  of  temperature  and  principle  components  of  the  gases 
in  the  plume  versus  weight  percent  of  magnesium  are  shown  in  figure  20.  It  can 
be  seen  from  figure  20  that  the  5000°  F  temperature  level  is  reached  only  when 
the  weight  percent  of  magnesium  is  reduced  below  38  percent.  The  sodium  gas 
content  remains  approximately  constant  below  48  percent  magnesium  and  is  twice 
that  for  the  glycidyl  methacrylate  flares.  As  with  flares  containing  perchlor¬ 
ates  which  result  in  a  combination  of  sodium  and  chlorine,  the  sodium  in  these 
formulations  is  combined  with  fluorine  and  it  is  not  known  what  effect  this 
may  have  on  the  luminous  efficiency.  Flares  using  TFE  binders  with  magnesium 
were  not  prepared  or  tested  in  this  program. 

Silicon- tetrafluorcethvlene-sodium  nitrate  -  In  an  attempt  to  assess  the 
feasibility  of  flares  containing  no  magnesium  and  a  minimum  of  solid  products 
In  the  exhaust,  thermochemical  computations  were  made  for  flares  containing 
silicon,  a  TFE  binder,  and  sodium  nitrate.  The  formulation  consisted  of  various 
percentages  of  silicon,  Teflon,  Vlton  A,  and  sodium  nitrate.  The  results  of 
the  computations  are  shown  in  appendix  VIII  and  figure  21.  The  plume  temperature 
and  quantity  of  sodium  in  the  exhaust  gas  are  plotted  versus  the  percentage  of 
silicon  in  figure  21.  It  can  be  readily  seen  that  the  plume  temperatures  are 
much  below  those  for  the  flares  containing  magnesium,  with  the  temperature 
approaching  4000° F  for  percentages  of  silicon  below  13.  One  consideration  for 
choosing  this  formulation  was  to  attempt  an  evaluation  of  sodium  as  a  light 
source  in  the  absence  of  magnesium.  Formulations  prepared  with  silicon 
showed  poor  burning  characteristics  at  atmospheric  pressure  and  therefore  further 
evaluation  was  not  made.  The  results  have  been  included  herein  because  of  the 
possibility  that  with  burning  under  pressure,  the  smoke  from  silicon  flares 
may  be  less  obscuring  than  magnesium  smoke  and,  therefore,  further  evaluation 
may  be  desirable. 

Burning  in  air  -  The  computations  shown  in  appendixes  V  through  VIII  were  made 
with  the  assumption  that  burning  would  take  place  in  an  inert  atmosphere.  In 
order  to  arrive  at  some  indication  of  what  might  occur  with  burning  in  air, 
computations  were  made  for  complete  combustion  of  the  Mark-24  flare  in  air. 

It  should  not  be  assumed  that  the  equilibrium  conditions  that  would  be  required 
to  achieve  these  results  do  exist.  Nevertheless,  these  results  plus  results 
of  burning  magnesium  in  air,  burning  of  sodium  in  air,  and  burning  a  68  percent 
magnesium,  5  percent  Laminae,  and  27  percent  sodium  nitrate  flare  are  presented 
in  appendix  IX.  They  may  serve  as  a  guide  in  analysis  of  experimental  results. 

EXPERIMENTAL  RESULTS 

Flare  formulations  containing  varying  percentages  of  magnesium  were 
evaluated  to  determine  the  degree  of  correlation  between  temperatures  measured 
by  thermocouple  and  the  equilibrium  temperatures  obtained  in  the  thermochemical 
calculations.  Pressed  flares  one  inch  in  diameter  by  two  and  one-fourth  inches 
long  were  burned  in  the  upright  position  in  an  inert  atmosphere  at  ambient 
pressures  which  varied  from  28  to  30  inches  of  mercury. 

In  the  following  sections  a  brief  description  of  the  thermocouples,  the 
test  apparatus,  and  test  results  are  presented. 

Thermocouples  -  A  survey  of  the  literature  indicated  that  considerable  difficulty 
had  been  encountered  by  investigators  in  using  thermocouples  to  measure  tempera¬ 
tures  in  flare  plumes.  Furthermore,  other  temperature  measuring  methods  such 
as  optical  pyrometers  had  not  been  completely  successful.  Personnel  at  the  Naval 
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Figure  21  -  Computer  results  for  flares  burning  in  an  inert  atmosphere.  Flare 
composition  number  one  -  11%  Viton,  40%  NaNOj,  silicon  as  shown,  and  remain¬ 
der  Teflon,  Flare  composition  number  two  -  11%  Viton,  30%  NaNO^,  silicon  as 
shown  and  remainder  Teflon, 


Ammunition  Depot  at  Crane,  Indiana  have  devised  a  method  of  measuring  tempera¬ 
ture  which  has  been  found  to  be  accurate,  but  which  requires  expert  judgment 
on  the  part  of  the  user. 

On  the  basis  of  the  results  of  the  computations,  especially  those  shown 
in  figure  18,  it  was  decided  that  at  least  for  those  formulations  having  low 
temperatures  such  as  the  68  percent  magnesium,  5  percent  Laminae,  and  27  percent 
sodium  nitrate  for  which  maximum  plume  temperature  was  2300° F  ,  chromel-alumel 
thermocouples  would  suffice.  Further,  it  was  determined  that  for  at  least  a 
part  of  the  temperature  range,  tungsten  5%-rhenium/ tungsten  26%  rhenium  thermo¬ 
couples  with  tantalum  sheaths  would  suffice.  For  temperatures  exceeding  3500° F, 
tungsten  rhenium  thermocouples  with  titanium  diboride  coatings  were  fabricated. 
The  chromel-alumel  thermocouples  employed  a  one-sixteenth  inch  outside  diameter 
inconel  sheath.  The  Tantalum  sheaths  were  also  one-sixteenth  inch  in  diameter. 
The  tantalum  diboride  coating  was  a  minimum  of  0.005  inches  thick. 

Experimental  Setup  -  In  order  to  provide  an  inert  atmosphere  the  one-inch  diam¬ 
eter  flares  were  placed  in  the  center  of  a  six  and  three-eights  inch  inside 
diameter  vertical  stainless  steel  tube,  thirty-six  inches  high.  The  tube  was 
purged  with  either  argon  or  nitrogen  prior  to  igniting  the  flare  with  an 
acetylene  torch.  Whether  nitrogen  or  argon  was  used  appeared  to  make  no 
difference.  Burning  in  air  destroyed  the  thermocouple.  In  the  initial  test 
with  60  percent  magnesium  flares,  it  was  not  considered  necessary  to  have  a 
constant  position  of  the  thermocouples  with  respect  to  the  plume.  However, 
as  the  amount  of  the  magnesium  was  decreased,  the  high  temperature  zone  for 
the  flare  moved  closer  to  the  flare  face,  and  it  was  necessary  to  devise  a 
mechanism  to  elevate  the  flare  as  it  burned,  keeping  the  burning  face  a  constant 
distance  from  the  thermocouple.  A  satisfactory  device  was  fabricated  and  was 
used  with  all  flares  except  those  containing  68  percent  magnesium.  TWo 
temperature  recorders  were  used  and  several  flares  were  burned  in  order  to  get 
complete  coverage. 

Temperature  Measurements  -  Temperature  measurements  were  made  for  5  percent 
Laminae  flares  containing  55,  60  and  68  percent  magnesium  with  the  remainder 
sodium  nitrate.  The  results  are  plotted  in  figures  22, 23, and  24.  A  typical 
recorded  temperature  is  shown  in  figure  25.  The  approximate  thirty-second 
burn  time  for  the  flare  was  found  adequate  to  provide  leveling  off  of  recorded 
temperature.  It  can  be  seen  in  figure  22  that  the  temperatures  at  two  and 
three  inches  are  very  close  to  the  computed  equilibrium  temperature  with  a 
rapid  drop  off  between  three  and  four  inches  above  the  flare.  Because  the 
high  temperature  zone  occurred  two  inches  from  the  flare  with  68  percent 
magnesium,  it  was  assumed  that  a  similar  situation  would  exist  with  other 
flares.  This  was  not  the  case.  For  the  60  percent  flare  the  high  temperature 
zone  moved  away  from  the  thermocouple  so  rapidly  that  equilibrium  temperature  was 
not  reached.  Therefore,  as  previously  mentioned  it  was  necessary  to  devise  a 
cam  mechanism  driven  by  a  low  speed  motor  which  would  keep  the  flare  face  at  a 
fixed  position  with  respect  to  the  thermocouple.  This  was  arranged  and  the 
temperature  measurements  shown  in  figure  23  were  made.  It  can  be  seen  that  the 
average  maximum  equilibrium  temperature  is  approximately  100° F  below  the  computed 
equilibrium  temperature.  The  four  measured  values  at  one-half  inch  from  the 
face  of  the  flare  were  3295° F,  2940°  F,  3400°  F,  and  3110°  F.  At  0.75  inches  the 
temperatures  were  2975° F,  3130° F,  3275° F,  and  3135°  F.  If  it  is  kept  in  mind 
that  each  of  these  temperatures  represents  a  different  flare,  it  can  be  seen  that 
fair  agreement  with  the  theoretical  was  obtained.  For  temperatures  close  to 
2000° F  and  below,  chromel-alumel  thermocouples  were  used  as  shown  in  figure  23. 
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Test  Chamber  -  36  in.  long  by  6  3/8  in.  dia. 

Flare  Dimensions  -  2.25  in.  long  x  1  in.  dia. 

Flare  Composition  -  687.  Mg  (30/50  mesh),  5%  Laminae, 

277.  NaN03 

Computed  Equilibrium  Temp.  -  2306° F 

Note:  This  flare  was  not  moved  to  maintain  a  constant 
plume  position  with  the  thermocouple 

O  Along  Flume  Centerline 

A  1.5  Inches  from  Plume  Centerline 


DISTANCE  FROM  TOP  OF  FLARE  AT  IGNITION,  INCHES 

Figure  22-  Temperatures  in  the  flare  plume  as  measured  by  chromel-alumel  thermo¬ 
couple  with  .062  in.  dia.  inconel  sheath.  Points  represent  average  for 
minimum  of  3  tests.  Burning  occurred  in  an  inert  atmosphere. 


Li" 


NL 


Hi 


TEMPERATURE  ALONG  PLUME  C 


TIME,  SECONDS 


Figure  25-  Typical  temperature  -  time  trace  for  chromel-r.lumel 

thermocouple  3  3/4  inches  above  a  60  percent  magnesium 
5  percent  Laminae  -  35  percent  sodium  nitrate  flare. 


For  the  flare  composition  containing  55  percent  magnesium,  the  computed 
equilibrium  temperature  was  not  reached.  Temperature  measurements  at  the 
center  of  the  plume  are  shown  in  figure  2k.  It  can  be  seen  that  the  maximum 
average  temperature  for  the  55  percent  magnesium  flare  is  more  than  1100° F 
lower  than  the  computed  equilibrium  temperature. 


ANALYSIS  OF  RESULTS 


The  primary  concern  in  this  part  of  the  program  was  to  determine  the  degree 
of  correlation  that  could  be  obtained  between  the  theoretical  temperatures  and 
that  obtained  experimentally  with  thermocouples  or  other  means.  It  was  determined 
that  agreement  between  the  measured  and  theoretical  could  be  achieved  with  flares 
containing  60  to  68  percent  magnesium,  5  percent  Laminae,  and  the  remainder 
sodium  nitrate.  Furthermore,  it  was  found  that  with  certain  formulations  the 
maximum  plume  temperatures  were  low  enough  to  permit  the  use  of  chrome 1-alumel 
thermocouples  which  have  a  long  use  history.  These  were  also  used  to  cross¬ 
check  the  tungsten/rhenium  type  thermocouples.  Thus  it  can  be  stated  with  a 
high  degree  of  confidence  that  thermocouple  measurements  in  flares  are  reliable 
and  meaningful.  However,  due  to  the  low  response  time  of  a  shielded  thermocouple 
it  would  measure  the  mean  and  would  not  reflect  short  excursions  to  higher  (or 
lower)  temperatures  such  as  might  be  expected  with  random  burning  of  magnesium 
particles. 

Upon  reviewing  the  results  of  the  thermochemical  calculations  and  the 
temperature  measurements  a  further  review  of  the  literature  was  made  to  determine 
if  there  were  experimental  results  available  which  might  provide  additional 
information. 

Plume  Temperature  -  Reference  is  made  to  figure  18  which  shows  the  results  of  the 
thermochemical  calculations  for  flares  containing  20  to  68  percent  magnesium. 
Because  of  the  large  difference  between  theoretical  and  experimental  temperatures 
for  the  55  percent  magnesium  formulation  the  tests  were  repeated  to  verify  the 
results  and  a  search  of  the  literature  was  made  to  determine  whether  or  not  such 
a  result  had  previously  been  encountered.  What  appears  to  be  a  parallel  result 
was  obtained  in  the  work  reported  in  reference  4.  The  objective  of  one  of  the 
tests  conducted  in  that  program  v is  to  determine  the  effect  of  flare  diameter 
on  luminous  efficiency  with  varying  formulations  including  one  set  in  which  the 
percent  of  magnesium  was  varied.  It  was  found  that  with  both  1.76  inch  and 
2.66  inch  diameter  flares  there  was  a  drop  in  luminous  efficiency  for  a  magnesium 
content  below  approximately  62  percent.  This  result  was  replotted  from  data 
in  figure  9  of  reference  4  and  is  included  herein  as  figure  26.  It  was  stated 
in  reference  4  that  there  was  doubt  concerning  the  test  results  shown  for  the 
small  diameter  55  percent  magnesium  flares.  It  is  believed  that  in  light  of  the 
results  obtained  with  the  55  percent  magnesium  flares  in  this  program,  that  the 
results  shown  in  reference  4  are  valid.  The  primary  problem  that  must  be  solved 
is  the  reason  for  the  low  temperature  and  low  luminous  efficiency  with  the 
55  percent  magnesium  flare  in  the  smaller  diameters.  As  can  be  seen  by  figure  26, 
for  the  4.25  inch  diameter  flares  the  luminous  efficiency  is  highest  with  55  per¬ 
cent  magnesium.  A  further  evaluation  of  this  result  may  be  made  by  considering 
the  results  of  reference  6,  In  that  reference  the  Mark-24  formulation (58  percent 
magnesium)  produced  an  experimental  temperature  of  2736°K  which  compares  favorably 
with  the  theoretical  temperature  of  2620°K.  It  would  appear,  therefore,  that 
combustion  with  the  4.25  inch  diameter  flare  is  more  efficient  than  with  the 
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Figure  26  -  Luminous  efficiency  versus  percent  magnesium  for  various  diameter 

cylindrical  flares.  Data  from  RDTR  No.  105  Vol.  I,  Page  26.  Composi' 
tion  57.  Laminae,  magnesium  as  shown  and  remainder  sodium  nitrate. 
Magnesium  particle  size  30/50  mesh. 


smaller  diameter  flares.  It  may  be  argued  that  there  is  a  difference  in  the 
structure  of  the  flare  plume  which  results  in  either  a  higher  measurement  of 
luminous  efficiency  or  a  smaller  degree  of  radiation  of  heat  from  the  plume  in 
the  4.25  inch  diameter  size.  However,  referring  to  figure  18,  there  is  approxi¬ 
mately  a  10  percent  increase  in  magnesium  oxide  in  the  plume  in  dropping  from 
64  percent  magnesium  to  55  percent  magnesium,  a  factor  which  should  result  in 
optically  thicker  layers  within  the  plume  and  therefore  a  smaller  amount  of 
radiation  from  it. 

Further  Indication  of  effects  of  reducing  the  magnesium  content  may  be 
seen  in  the  results  shown  for  the  cast  flares  on  page  6  of  reference  3.  The 
graph  therein  shows  a  rise  in  average  candleseconds  per  gram  from  12000  at 
73  percent  magnesium  to  29000  at  48  percent  magnesium.  As  the  magnesium  content 
is  decreased  below  48  percent,  the  light  output  decreases  to  10000  candleseconds 
per  gram  at  22  percent  magnesium.  It  can  be  seen  from  figure  19  herein  that  the 
theoretical  temperature  is  highest  between  22  and  40  percent  magnesium.  Thus, 
there  is  agreement  between  the  fall  off  in  theoretical  temperature  and  luminous 
efficiency  above  48  percent  magnesium  but  not  below  48  percent.  Also,  below 
48  percent  magnesium  both  the  sodium  and  sodium  chloride  vapor  content  increases. 
A  clue  to  this  behavior  may  be  provided  in  considering  the  effect  of  altitude 
and  pressure. 
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Altitude  Effects  -  Evaluations  of  altitude  effects  upon  luminous  efficiency 
are  contained  in  both  reference  2  and  reference  7.  The  results  of  reference  7 
which  pertain  to  magnesium-sodium  nitrate  flares  are  most  closely  related  to 
the  results  shown  in  figure  18.  It  should  be  noted,  however,  that  the  flares 
of  reference  7  did  not  use  a  binder.  They  were  0,625  inches  in  diameter  by 
approximately  4.0  inches  long  and  were  encased  in  waxed  kraft  paper  tubes. 

Some  of  the  results  taken  from  reference  7  are  as  follows: 

TABLE  I  -  DATA  FROM  REFERENCE  7 


Mixture  Ratio 

Efficiency-Candle- 
seconds  per  Gram 

Burn  Rate- 
in/min 

80000  ft. 

Sea  Level 

80000  ft. 

Sea  Level 

60-40  Mg*-  NaN03 

230 

13,700 

17.1 

60.4 

70-30  Mg  -  NaN03 

310 

19,400 

20.1 

56.2 

80-20  Mg  -  NaN03 

590 

30,600 

16.4 

48.3 

90-10  Mg  “  NaN03 

- 

7,400 

- 

19.1 

*Mg  -  200/325  mesh,  no  binder 

The  lower  luminous  efficiency  at  80000  feet  reflects  the  result  shown  in 
figure  18.  However,  the  very  low  efficiency  at  altitude  cannot  be  accounted 
for  by  the  difference  in  plume  temperature  shown  on  figure  18.  This  indicates 
that  there  are  other  factors,  such  as  radiation  of  energy  from  the  plume,  which 
become  more  significant  at  altitude  and  affect  efficiency,  but  which  are  not 
taken  into  account  in  the  thermochemical  calculations.  Similar  decreases  in 
efficiency  with  decreasing  pressure  were  reported  in  reference  2.  Perhaps 
the  effects  of  pressure  on  combustion  should  be  considered  at  this  point. 

Pressure  Effects  -  The  burn  rate  sensitivity  to  changes  in  pressure  for  solid 
propellants  is  well  known.  At  least  two  examples  of  magnesium  fueled  Aerospace 
Research  Corporation  gas  generator  propellants  are  available.  The  first  of 
these  uses  13.5  percent  magnesium  and  was  previously  mentioned  herein  as  an 
example  of  a  propellant  using  a  tetraf luoroethylene  binder,  reference  5.  This 
propellant  will  not  ignite  at  sea  level  temperature  and  pressure  but  will  ignite 
and  bum  efficiently  at  600  psi.  Although  the  solids  content  in  the  combustion 
products  is  30  percent,  in  over  100  tests  plugging  of  the  gas  generator  exhaust 
nozzle  has  not  occurred.  The  second  propellant  uses  25  percent  magnesium, 

20  percent  binder  and  the  remainder  anmonium  perchlorate.  Efficient  combustion 
is  achieved  at  300  psi.  Solids  in  the  combustion  products  have  presented  no 
problem.  Inasmuch  as  the  propellants  were  developed  for  these  specific  chamber 
pressures,  there  were  no  evaluations  made  at  lower  pressures.  Also,  the  illumina¬ 
tion  efficiencies  of  gases  issuing  from  an  exhaust  nozzle  were  not  evaluated. 

Particle  Size  Effects  -  The  effect  of  atomized  magnesium  particle  size  on  burn 
rate  and  luminous  efficiency  has  been  given  a  preliminary  evaluation  by  personnel 
at  Plcatinny  Arsenal  and  is  reported  in  references  8  and  9.  As  reported  in 
reference  9,  with  decreasing  particle  size  there  is  a  decrease  in  luminous 
efficiency  and  an  increase  in  burning  rate.  For  reference,the  luminous  efficiency 


and  burn  rate  data  for  three  46.5/52.5/1  magnesium/scdium  nitrate/vinyl  alcohol 
acetate  resin  flare  systems  containing  200/325,  50/100,  and  30/50  mesh  magnesium 
powder  as  reported  in  reference  9  is  given  in  the  following  table: 

TABLE  II  -  DATA  FROM  REFERENCE  9 

Mean  Efficiency  for  Group  Mean  Burn  Rate  for  Group 

of  Five  Candles,  of  Five  Candles, 

Kilocandle  sec/gm  Inches/Min. 

Case  Internal 


Diameter  (in.): 

0.62 

1.33 

0.6? 

1.33 

200/325  system 
(22  ±  8  microns) 

Thin  wall* 

13.8 

12.6 

33.3 

30.2 

Medium  wall 

13.0 

12.8 

33.7 

28.7 

Thick  wall 

11.5 

12.1 

33.5 

28.6 

50/100  system 
(200  i  25  microns) 
Thin  wall 

22.1 

18.7 

12.4 

12.3 

Medium  wall 

21.0 

19.4 

12.3 

12.3 

Thick  wall 

18.9 

19.4 

12.5 

12.1 

30/50  system 
(350  ±  50  microns) 
Thin  wall 

22.6 

29.1 

5.9 

6.9 

Medium  wall 

21.7 

28.3 

5.9 

6.4 

Thick  wall 

16.9 

30.9 

5.6 

6.4 

*Paper  Case  Wall  Thicknesses  0.03,  0.05,  0.08  inches  for  0.62  in.  diameter  and 
0.03,  0.04,  and  0.10  inches  for  1.33  in.  diameter. 

Note  that  the  binder  content  of  this  system  is  only  one  percent  which  may 
account  for  this  46.5  percent,  30/50  mesh,  magnesium  flare  approaching  the 
luminous  efficiency  of  the  55  percent,  30/50  mesh,  flare  of  1.76  inches  diameter 
as  reported  in  reference  4.  Note  that  there  is  a  significant  case  effect  for 
the  0.62  inch  diameter  flares  but  not  for  the  1,33  inch  diameter  flares.  The 
increase  in  luminous  efficiency  with  increase  in  diameter  for  30/50  mesh  magnesium 
flares  agrees  with  the  results  reported  in  reference  4.  The  200/325  and  50/100 
systems  show  little  change  in  luminous  efficiency  as  the  diameter  is  increased. 
Data  have  not  been  found  in  the  literature  for  flares  using  larger  particle 
sizes  than  30/50  mesh. 

General  Remarks  -  There  appears  to  be  a  relation  between  the  luminous  efficiency 
and  the  volume  of  gas  generated  in  the  plume  whether  due  to  low  plume  pressure, 
high  burn  rate,  or  composition  of  combustion  products.  For  example,  the  burn 
rate  decreases  with  increasing  altitude,  but  due  to  the  low  pressure,  the 
specific  volume  of  the  combustion  products  is  significantly  larger  than  at  sea 
level.  Whether  or  not  this  is  the  main  cause  has  not  been  determined,  but  there 
is  a  large  drop  in  luminous  efficiency.  With  a  decrease  in  magnesium  particle 
size  there  is  a  large  increase  in  burn  rate  and  thus  an  increase  in  the  volume 
of  the  combustion  products  flowing  per  unit  time.  Again,  this  has  not  been 
established  as  the  main  cause,  but  there  is  an  accompanying  large  drop  in  luminous 


efficiency.  With  decreasing  magnesium  content  in  a  flare  there  is  an  accompany¬ 
ing  increase  in  gases  other  than  magnesium.  As  shown  in  figure  26,  for  small 
diameter  flares,  the  luminous  efficiency  decreases  as  the  magnesium  content  is 
decreased.  For  large  diameter  flares  there  is  an  increase  in  luminous  efficiency 
with  decrease  in  magnesium.  This  suggests  that  the  plume  size  and  residence  time 
in  the  plume  of  the  combustion  products  are  factors  in  performance.  These  are 
dependent  upon  flare  composition,  combustion  pressure,  flare  diameter,  volatility 
of  the  combustion  products,  and  composition  of  the  combustion  products. 

For  example,  for  small  flares  it  may  be  desirable  to  use  magnesium  particle 
sizes  below  30/50  mesh.  Plots  of  burning  rate  and  luminous  efficiency  versus 
particle  size  from  reference  9  are  shown  in  figure  27  with  extrapolations  to 
include  a  450  micron  (20/50  mesh)  particle  size.  If,  by  the  use  of  20/50  mesh 
magnesium,  the  flare  bum  rate  could  be  cut  to  3.5  inches  per  minute  as  is 
indicated  by  the  extrapolations,  a  one-inch  diameter  30/50  mesh  magnesium  flare 
could  be  increased  to  1.36  inches,  thereby  increasing  the  plume  size  and  pre¬ 
sumably  the  luminous  efficiency.  This,  of  course,  would  allow  the  length  to  be 
reduced  by  one  half  for  the  same  burn  time.  Ihe  increased  diameter  would  also 
reduce  the  effect  of  the  case  on  performance  and  the  performance  at  altitude 
should  be  improved. 

Another  change  which  might  improve  efficiency  would  be  incorporation  of  a 
material  such  as  sodium  peroxide,  if  possible,  as  a  replacement  for  sodium 
nitrate.  Ihis  would  decrease  the  specific  volume  of  the  combustion  products 
by  eliminating  the  nitrogen  gas. 


SUMMARY 


Thermochemical  calculations  were  made  for  a  number  of  flare  formulations 
and  temperatures  were  measured  in  magnesium-Laminac -sodium  nitrate  flare  plumes. 
An  attempt  was  made  to  correlate  the  results  of  the  thermochemical  calculations 
with  measured  temperatures  as  well  as  other  experimental  data  in  the  literature. 
Ihe  principal  conclusions  are  as  follows: 

1.  Thermochemical  calculations  provide  a  rapid  means  of  determining 
maximum  equilibrium  temperature  and  exhaust  products  in  the  plume 
of  an  illuminating  flare. 

2.  The  flare  temperatures  determined  by  the  thermochemical  calculations 
agree  with  the  maximum  temperatures  measured  by  thermocouple  in  the 
plumes  of  one-inch  diameter  magnesium- Laminae -sodium  nitrate  flares 
containing  60  percent  magnesium  or  greater. 

3.  The  maximum  temperature  points  for  the  55  and  60  percent  magnesium 
flares  was  much  closer  to  the  flare  surface  than  for  the  68  percent 
magnesium  flare. 

4.  The  flame  temperatures  determined  by  the  thermochemical  calculations 
agree  with  the  maximum  temperatures  determined  by  gray  body  emission 
for  Mark-24  Mod  2  flares  as  reported  in  RDTR  44,  NAD,  Crane,  Indiana. 

5.  For  magnesium-Laminac -sodium  nitrate  flares  the  thermochemical 
calculations  predict  lower  flame  temperatures  at  81000  feet  than  at 
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Figure  27  -  Luminous  efficiency  and  burn  rate  versus  particle  size  for  46.5  mag- 
nesium/52,5  sodium  nitrate/1.0  percent  vinyl  alcohol  acetate  resin 
flare  system.  Flare  diameter  1.33  inches  with  .05  inch  thick  paper 
case.  (Data  from  Reference  9). 


65 


ON 


sea  level  I'or  magnesium  content  below  5?  percent. 

An  analysis  of  tne  results  indicates  that  data  should  be  generated 
to  determine  the  effects  of  variation  in  flare  composition, 
including  particle  size,  over  a  range  of  flare  diameters. 
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SECTION  IV 


FLAME  CHARACTERISTICS  AND  SPECTRAL  ANALYSIS 
INTRODUCTION 


Exploratory  studies  of  the  combustion  mechanisms  in  the  flare  plume 
have  been  conducted  at  the  University  of  Minnesota.  Because  of  the  problems 
that  were  expected  to  be  encountered  with  such  phenomena  as  nonhomogeneous 
burning,  turbulent  mixing  of  flare  gases  with  the  surrounding  gases,  radiation 
to  the  surroundings,  and  self-absorption,  several  possible  approaches  were 
considered.  These  included  still  photography,  fast-action  movies.  X-ray 
photographs,  spectral  analyses,  particle  studies,  and  visual  studies.  All 
of  these  were  used  with  varying  degrees  of  success;  however,  because  of  the 
clues  to  combustion  behavior  supplied  by  each  of  the  experimental  methods, 
it  is  difficult  at  this  point  to  state  which  constitutes  the  most  effective 
research  method.  The  results  of  each  approach  are  presented  herein. 

In  order  to  establish  e  method  of  rating  flares  and  thereby  to  evaluate 
the  various  aspects  of  plume  behavior,  a  theoretical  evaluation  of  rating 
methods  was  made. 

Theoretical  considerations  are  presented  in  the  first  section  of  the 
report  and  are  followed  in  order  by  experimental  approach,  experimental 
results,  discussion  of  results,  concluding  remarks,  and  summary  of  results. 


THEORETICAL  CONSIDERATIONS 


A  convenient  way  of  considering  flame  characteristics  in  the  flare  plume 
is  to  establish  a  measure  of  "goodness"  and  to  evaluate  various  mechanisms 
which  contribute  or  detract  from  performance.  A  usual  way  of  rating  flare 
performance  is  to  compare  the  lieht^energy  emitted  in  the  visible  to  the  heat 
of  reaction.  For  example,  Douda^1'  measures  the  energy  radiated  at  4000  a 
<  X  <  7500  X  divides  by  the  heat  of  reaction  and  refers  to  this  quotient  as 
flare  efficiency.  Flare  efficiencies  as  high  as  10%  have  been  reported(l)  on 
this  basis.  This  performance  is  Influenced  by  the  flare  composition  and  by  the 
way  the  composition  is  employed.  In  this  section,  two  measures  of  goodness  are 
proposed. 

The  first  measure  of  goodness,  the  flare  ideal  efficacy,  borrows  its  name 
from  the  illumination  Industry  literature (2)  and  has  the  same  sense:  it  is  the 
amount  of  illumination  produced  by  an  element  of  flare  product  gas  as  it  cools 
divided  by  the  amount  of  Illumination  that  would  have  been  produced  if  all  the 
energy  had  been  emitted  at  the  wave  length  at  which  the  eye  is  most  sensitive. 
Thus,  the  ideal  efficacy  is  a  measure  of  goodness  of  the  flare  constituents. 

A  second  measure,  the  flare  efficiency,  is  the  ratio  of  the  actual  efficacy  to 
the  ideal  efficacy  and  measures  the.  extent  to  which  the  burning  process 
approaches  the  ideal  process. 


Ideal  Efficacy  of  Gray  Gas  and  D-line  Emitters 

Light  sensitivity  of  the  eye  varies  somewhat  with  the  individual. 
Illuminating  engineers  have  therefore  agreed  upon  a  visibility  curve  that,  on 
the  average,  estimates  the  relative  effectiveness  of  a  watt  of  radiation  at  X 
to  a  watt  of  radiation  at  5540X(2).  A  plot  of  such  a  visibility  curve  S  (X)  is 
shown  in  figure  28(a) a  Planckiar.  radiator  emits  radiation  as  shown  in 
figure  28(b),  A  gray  body  emitter  ndiatlng  at  a  constant  temperature  T  emits 
radiant  energy  over  a  wide  range  of  wave  lengths.  Some  of  this  energy  con¬ 
tributes  to  vision.  The  efficacy  ov  any  radiator  at  fixed  T  is  defined  by: 


Jo  S(X)I(X)dX 

I(X)dX 
*  o 

shown  in  figure  28(c)  for  a  Plancklan  Radiator. 


^Numbers  in  parentheses  refer  to  list  of  references  ,  page  92 
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Figure  28  -  Curves  from  reference 


The  efficacy  of  a  flowing  gaseous  light  source  may  be  defined  as  the 
efficacy  of  the  light  emitted  as  a  particle  of  optically  thin  gas  cools  from  a 
temperature  T*  to  T-dT  integrated  from  flame  T  to  ambient  T.  For  a  gas  of 
constant  specific  heat,  this  is: 


Ideal  Efficacy  e  fideal 


S(\)i(x)dX 


h  .  i' 
amb 


I (X)dX 


dh 


Ah  reaction 


A  plot  of  this  quantity  for  a  Planckian  radiator  is  given  in  figure  28(d) .  If 
the  gas  (or  particle  suspension)  departs  from  gray  such  tnat  the  visible  is 
favored,  these  values  will  be  higher.  Sodium  vapor,  for  example,  radiating 
only  at  5900 k would  have  an  efficacy  of  0.77. 


A  similar  idealization  for  the  efficacy  of  optically  thick  gases  can  be 
made  if  it  is  supposed  that  conditions  within  the  plume  keep  the  temperature 
uniform  throughout  the  plume.  Thus,  an  optically  thick  gray  gas  again  has  an 
efficacy  curve  given  in  figure28(c). 


Optically  thick  (near  the  D-line)  sodium  vapor  radiation  has  an  efficacy 
given  by (3) 

-00 

S(X)  1-exp  (-(0*D)W2  /(W2  +[X-5900]2))  IdX 
0  L  J 


ideal 


1-exp  (-(0-D)  W2  /(W2  +  [ X— 5900 ] 2 )  )  dX 

—  m 


o  %a  1* 

where  -  0.049  A  and  0D  -  .  Because  of  the  shape  of  the  visible 


10 


curve , 


this  integral  will  again  be: 

fideal  =  °-77  for  »•»  -  106 

for  OD  >  10**,  the  value  of  ^deai  will  slowly  fall  with  increase  in  O.D. 

Most  particle  plumes  will  have  0D  <  106  so  that  f ideal  "  ^-77  should 
suffice.  If  no  interaction  occurs,  optically  thin  plumes  or  MgO  solid  and  Na 
gas  should  have  efficacies  that  lie  somewhere  between  that  of  the  indicated 
components  and  as  calculated  above. 


*Symbols  for  this  section  are  defined  in  Appendix  X,  page  182. 
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Efficacies  of  Mixtures  of  Na  and  MgO  Particles  in  a  Transparent  Suspending  Gas 


As  shown  on  page  43  the  combustion  products  of  the  Mg-NaN03  flare  contain 
on  the  order  of  10%  Na  and  30%  MgO(s)  and  the  density  of  the  hot  gas  is 
approximately  10“4  gms/cm’3.  Thus,  an  optical  path  length  for  sodium  (at  the 
D-lines)  is  10“6  cm  and  of  the  MgO  is  60  cm.  Rossler  W  gives  the  emissivity 
of  MgO  by 


MgO 


-  0.35  tanh 


W 


or  for  L  <<  60  cm.  e  »  0.35  x  .  Thus,  for  plane  sheets  of  gas  (and 

MgO  DU 

particles)  of  thickness  L,  negligible  interactions  between  Na  and  MgO  radiation 
may  be  expected  so  long  as  L  <<  60  cm.  The  energy  emitted  from  a  D-line  at 
temperature  T  is  then: 

,1/2 

J(5900,T) (0.049  x  10"4)  1  u  '  WattS 


Na 


cm‘ 


and  from  MgO(s). 


^IgC 


ebb(t) 


x  0.35  x 


(so  ) 


L  «  60 


The  efficacy  of  the  mixture,  then,  at  a  fixed  T  is: 


^a 


x  0.77  + 


jgo_ 


^a  +  ^0 


^a  +  W 


x  (efficacy  for  Planckian  radiator) 


Efficacies  for  layers  10-6,  1  and  10  cm  are.  shown  in  Tahlelll  at  the  temperature  T. 
Table  IV  shows  the  Integrated  efficacy  of  the  gas  as  it  cools  from  T  to  ambient  T 
(for  Cp  ■  const.).  It  can  be  seen  that  as  the  gas  thickness  increases  and  as 
temperature  falls,  the  efficacy  falls  and  becomes  increasingly  dominated  by 
Mg0(s)  and  its  correspondingly  low  efficacy. 

For  L  2  60  cm,  the.  trend  will  continue;  i.e.t  the  efficacy  will  continue 
to  fall;  however,  the  above  approximations  no  longer  apply.  Thus,  if  the  flare 
gas  mixes  internally  but  does  not  mix  externally  with  its  surrounding  gas ,  its 
efficacy  should  fall  with  increasing  size  of  flare,  and  approach  the  Planckian 
radiator.  These  calculations  are  obviously  only  approximations.  It  is  felt, 
however,  that  the  results  give  a  reasonable  qualitative  picture  of  the  way  a 
mixture  of  gray  and  line  emitters  behave  with  thickness. 


Doudad)  reports  overall  efficacies  of  4%  for  a  flare  of  plume  thickness 
greater  than  10  cm.  It  is  clear  then  that  the  results  of  Table  IV  underestimate 
ideal  efficacies.  One  possible  explanation  lies  in  the  influence  of  the  breadth 
of  the  D-line.  Strong  and  Bundy  w  were  followed  in  obtaining  Tables  III  and  IV 
Experimentally  observed  D-3ine  breadths  are  broader  than  predicted.  It  is 
believed  that  this  broadening  may  be  related  to  the  continued  active  combustion 
of  the  Mg  within  the  plumi  and  the  non-uniform  temperature  near  these  particles 
due  to  combustion. 


TABLE  III.  RADIATION  PROPERTIES  OF  A  30Z  MgO,  101  Na  MIXTURE  AT  A  FIXED  TEMPERATURE 


TEMPERATURE,  *K 

Slab 

rhick- 

ness 

cm 

2000 

2200 

2400 

2600 

2800 

3000 

3500 

Efficacy,  gray  body 

0.32 

0.8 

1.1 

1.5 

2-1 

3.1 

5.3 

-  - 

Efficacy,  Na(g) 

77 

77 

77 

77 

77 

77 

77 

-  - 

Fraction  of  radiation 
from  MgO(s) 

.032 

.061 

.009 

.006 

.004 

.003 

.002 

10"  b 

Efficacy  of  mixture,  Z 

74.5 

75.6 

76.3 

76.5 

76.6 

76.7 

76.8 

10"6 

Cooling  rate, 
dT/dt  *C/sec. 

ISIS 

1.7*106 

4.2* 106 

8.4- 106 

3.8- 107 

3.1- 107 

9.6- 107 

10- 6 

.97 

.94 

.90 

.85 

.80 

.75 

.63 

1 

Efficacy  of  mixture,  Z 

2.61 

5.37 

8.61 

12.83 

17.08 

21.58 

31.84 

1 

Cooling  rate, 
dT/dt  *C/sec. 

1.8- 104 

N> 

oo 

M 

O 

-T 

4.2. 10" 

6.2. 104 

8.8- 104 

1.2-105 

2.7-105 

1 

.99 

.98 

.968 

.950 

.930 

.914 

.855 

10 

Efficacy  of  mixture,  Z 

1.09 

2.10 

3.52 

5.28 

7.34 

9.44 

15.64 

10 

Cooling  rate , 
dT/dt  *C/sec. 

2.7*  104 

3.9. 104 

5.5-104 

7.5* 104 

1. Of  10s 

2.0-105 

10 

TABLE  IV.  IDEAL  EFFICACY  FOR  A  FLUID  ELEMENT  CONTAINING  33Z  MgO  and  10Z  Na 
FROM  THE  INITIAL  TEMPERATURE  SHOWN  TO  300*K 


Initial  Temp. 

Ideal  Efficacy,  Z 

10"6  cm  slab 

1  cm  slab 

10  cm  slab 

1500*K 

0 

0.0 

0.0 

2000 

21 

0.38 

0.19 

2500 

33 

1.87 

0.93 

3000 

40 

4.30 

2.15 

3500 

47 

7.8 

3.90 

Also  shown  in  TableHIis  an  estimation  of  the  rate  of  cooling  which  a  fluid 
element  would  experience  due  to  radiation.  Observing  that  relatively  little 
illumination  results  from  gas  cooling  below  2000°K,  cooling  time  may  be  estimated 
from  the  time  it  takes  the  gas  to  cool  the  first  1000#K.  Thus,  for  the  1  and  10 
cm  slabs,  the  cooling  time  is  of  order  2  x  10-2  seconds. 


Of  particular  interest  is  the  interaction  between  the  two  emitters. 

Perhaps  the  most  important  interaction  is  the  influence  of  the  continued 
magnesium  combustion  in  the  plume.  This  can  result  in  temoeratures  higher  than 
the  adiabatic  temperature  near  burning  particles.  Phase  changes  associated  with 
the  condensation  and  solidification  of  MgO  strongly  influence  the  enthalpy- 
temperature  relationship.  For  example ,  the  quantity  of  energy  radiated  for 
given  enthalpy  difference  will  be  fixed.  The  rate  of  energy  radiated  will  depend 


upon  the  distribution  of 


3h 

9T 


with  temperature.  This  value  is  higher  at 


higher  temperatures  than  at  lower  (as  it  is  for  MgO  flames) ,  the  radiation  is 


higher  than  if  ~ 


is  constant.  Thus,  in  the  ideal  model  (where  radiation  is 


the  only  mode  of  heat  loss)  the  efficacy  of  the  Na  contribution  will  be  enhanced 
by  the  presence  of  MgO.  In  an  actual  flare  where  the  rate  of  radiation  competes 
with  the  rate  of  dilution,  the  presence  of  the  MgO  should  be  an  even  more 
important  factor. 


Flare  Efficiency 

All  of  the  many  factors  that  Influence  the  performance  of  the  actual  flare 
and  cause  the  light  emitted  to  be  less  than  that  of  the  ideal  flare  can  be 
ascribed  to  the  inefficiency  of  the  flare  burning  process .  The  efficiency  of 
the  process  may  be  defined  as: 


f 

f ideal 

in  which  f  is  the  measured  efficacy  and  f  the  ideal  efficacy.  The  flare 

studied  here  has  an  ideal  efficacy  (from  the  above)  which  is  conservatively 
estimated  as  4Z.  Douda's  measurements (D  yield  an  actual  efficacy  (according  to 
the  definition  stated  herein)  of  approximately  2X.  Thus,  the  flare  burning 
process  is  approximately  50%  efficient. 

Clearly,  any  reduction  in  temperature  in  an  element  of  gas  that  does  not 
result  from  radiation  to  surroundings  represents  a  degradation  in  the  illuminating 
potential  of  the  flare  and  results  in  the  lowering  of  the  flare  efficiency.  Two 
major  sources  of  inefficiency  seem  obvious:  convective  mixing  with  cool  ambient 
gas  and  self-absorption  in  the  cooler  plume  gases.  Self-absorption  increases 
with  flare  size.  Thus ,  once  the  cool  outer  envelope  of  the  flare  becomes 
optically  thick  (L  >  60  cm)  the  flare  should  appear  from  without  to  be  at  a 
lower  temperature  than  it  is  within.  Thus,  large  flares  must  be  more  inefficient 
than  smaller  flares. 

The  mixing  between  flare  gases  and  the  surrounding  air  has  not  been  solved 
for  the  inverted  jet  or  distributed  sources.  An  approximate  value  of  mixing  time 
may  be  obtained  by  considering  the  following  model.  The  flare  of  diameter  dQ 


2 

produces  a  volume  of  gas  Po^o^c/ 4  which  is  brought  to  rest  and  reversed  by  the 
approaching  flow,  U  ,  with  density  p  .  Then  the  plume  flowing  back  around  the 
flare  will  have  a  velocity, 


U  -  U 
P  a 


and  a  diameter. 


© 


U 

_c 

U 


© 


+1 


Then  the  mixing  length  the  plume  produces  should  be  proportional  to  L  and  the 
mixing  time;  therefore, 


mixing 


f  /Po\ 

1 

u 

1 1 

o 

iU 

L  Ua  J 

U 


Mixing  time  is  seen  to  vary  directly  with  diameter, inversely  as  the  rate  of 
fall  U  ,  and  as  the  burning  rate  to  approximately  the  1/2  power.  Thus,  a  flare 

of  10~*  foot  diameter  falling  at  a  rate  of  10  feet  per  second  would  have  a  mixing 
time  of  order  10“2  seconds.  When  this  Tm^x^n  is  small  compared  to  Tra<jiation 

inefficiencies  due  to  too  rapid  mixing  will  occur.  As  the  flare  gets  larger,  the 
cool  outside  of  the  flare  gets  progressively  more  opaque,  and  the  flare  becomes 
less  efficient  even  though  given  more  than  adequate  radiation  time.  The  effect 
of  gravity  will  be  to  reduce  the  mixing  time  by  increasing  U  . 


EXPERIMENTAL  APPROACH 


Test  Apparatus 


Spectroscopic  Measurements 

The  optical  equipment  used  for  spectrometric  measurements  is  shown 
schematically  in  Fig. 29.  The  lens  L^,  with  a  focal  length  of  31  cm,  projects  an 

image  without  enlargement  of  an  area  1  mm  high  from  the  center  of  the  flare  on 
the  entrance  slit  of  the  spectrometer.  A  Jarrel-Ash  .5  m  focal  length  scanning 
monochromator  (82-020)  was  used.  The  light  intensity  was  recorded  by  a  photo¬ 
multiplier  (RCA  1P28  for  the  blue  region,  RCA  7102  for  the  red  region  of  the 
spectrum) ,  and  displayed  on  the  strip  of  a  Bristol  strip  chart  recorder.  The 
experimental  arrangement  is  shown  photographically  in  Figure  30.  A  screw  jack 
driven  by  an  electric  motor  which  was  used  to  raise  the  flare  during  combustion 
can  be  seen  in  Figure  30 (a), The  burning  surface  of  the  flare  can  be  kept  at 
constant  elevation  by  manually  regulating  the  motor  speed.  The  apparatus  can 
accommodate  a  ten-inch  long  flare. 


Figure  30  -  Photographs  of  spectroscopic  setup 


A  10  Inch  length  of  1  Inch  diameter  pipe  standing  concentrically  with  a 
similar  length  of  2  inch  diameter  pipe  (shown  in  Figure  30(c))served  to  guide  the 
flare.  Nitrogen  flowing  from  the  annular  space  between  the  two  pipes  provided 
a  gaseous  shield  around  the  plume  during  all  spectrometric  studies.  Input 
pressure  of  the  N2  flow  was  regulated  to  give  a  velocity  of  approximately  20  to 
50  feet  per  second.  When  several  1  inch  diameter  by  2  inch  long  flares  were 
stacked  and  burned  consecutively,  the  inhibitor  material  vas  scraped  off  the 
bottom  end  of  all  but  the  bottom-most  flare  in  the  stack. 

X-Ray 

The  arrangemert  of  the  X-ray  apparatus  is  shown  in  Figure  31.  A  helium 
filled  chamber  containing  the  flare  made  up  virtually  the  entire  path- length 
between  the  X-ray  iource  (X-Ray  Corporation  of  America  model  8-A)  and  the 
Polaroid  film  pack.  A  0.001  inch  thick  aluminum  foil  masked  the  film  pack  from 
the  intense  light  of  the  burning  flare. 

The  chamber  shown  in  Figure  31  was  10  inches  in  diameter  and  14  Inches  in 
height,  with  two  4  inch  ports  on  the  sides  and  a  1  1/2  inch  port  at  the  top. 

The  chamber  was  bolted  to  a  matching  base  plate  forming  a  loose  seal. 

A  Polaroid  4  inch  x  5  inch  Land  film  holder  was  adapted  to  one  of  the  side 
ports,  while  a  27  inch  long,  4  inch  diameter  pipe  spaced  the  X-ray  tube  away 
from  the  flare.  Final  dimensions  were  34  1/2  inches  from  X-ray  tube  to  flare, 
and  8  Inches  from  flare  to  film  plane.  An  optical  wedge  consisting  of  6  stepped 
layers  of  aluminum  foil  was  Included  at  the  camera  port. 

The  top  port  was  loosely  capped  during  the  1  to  3  minute  helium  purge 
prior  to  flare  ignition.  The  port  was  uncapped  after  ignition.  After  ensuring 
a  steady  state  burning  of  the  flare  (usually  5  to  7  seconds  after  ignition) 

X-ray  photographs  were  taken. 

Flare  Orientation 

The  orientation  apparatus  consisted  of  a  horizontal  shaft  with  an  extended 
arm  holding  the  flare  perpendicular  to  the  shaft  axis  as  shown  in  Figure  32.  A 
hole  drilled  in  the  base  of  each  flare  accepted  a  number  12  x  3/4  inch  sheet 
metal  screw  in  the  support  arm.  The  one  inch  square  wire  mesh  located  3  inches 
in  front  of  the  flare  as  shown  in  Figure  32  provided  a  convenient  scale  for  the 
photographs . 

In  all  cases,  the  flare  was  Ignited  in  the  vertically  up  position,  then 
manually  rotated  to  the  desired  orientation  using  a  3  1/2  foot  extension  shaft. 

Flare  Ignition 


Ignition  was  most  conveniently  accomplished  with  a  combination  of  Atlas 
type  M100  electric  matches  and  intermediate  initiator  material  consisting  of  a 
mixture  of  ground  flare  and  gunpowder.  The  match  was  taped  to  the  flare,  with 
the  head  bent  so  as  to  lie  across  the  top  of  the  flare.  Powder  was  poured  over 
the  match  head  inside  a  masking  tape  collar  around  the  flare  top  and  was  then 
stabilized  by  a  light  spray  of  Krylon  clear  plastic  coating.  The  firing  circuit 
consisted  of  four  number  six  dry  cells,  a  switch,  and  wiring.  For  convenience, 
the  ignition  wires  terminated  in  clips  mounted  in  an  asbestos  block  located  near 
the  flare.  The  match  leads  from  the  flare  were  connected  to  the  clips. 


EXPERIMENTAL  RESULTS 


Spectroscopic  Studies 

A  number  of  spectrometric  measurements  of  the  flare  were  performed  ir. 
order  to  determine  the  wavelength  dependence  of  the  emitted  radiation,  to 
determine  the  flare  temperature,  and  to  obtain  information  about  the  optical 
depth  in  the  flare  at  different  wavelengths. 

The  resolution  of  detail  in  the  emitted  spectrum  required  low  recording 
speeds.  In  order  to  keep  the  number  of  flares  required  for  the  desired  wave¬ 
length  scans  within  reasonable  limits  the  highest  possible  scan  speed  of  the 
spectrometer  (500  A/min)  was  chosen  which  allowed  sufficient  spectral  resolu¬ 
tion.  The  wavelength  range  covered  during  the  burning  time  of  a  single  flare 
was  approximately  150  to  200  A  with  a  resolution  of  1.6  A.  For  e  continuous 
scan  over  approximately  1,000  A  a  stack  of  5  two  inch  flares  was  utilized. 

The  burning  surface  was  held  at  a  constant  position  by  the  feeding  mechanism 
shown  in  Figure  30(c), With  this  arrangement  the  ignition  of  successive  flares 
sometimes  caused  large-scale  fluctuations  of  the  emitted  light  intensity. 

Besides  these  disturbances,  strong  short-time  as  well  as  long-time  fluctuations 
were  observed  which  may  have  been  caused  by  Inhomogeneities  of  the  solid  flare 
material.  These  fluctuations  caused  uncertainties  in  the  recorded  light 
intensities.  Figures  33,34  and  35  show  the  relative  intensity  of  the  flare  as  a 
function  of  the  wavelength  observed  in  the  center  of  the  flare  .75  and  6 
Inches  above  the  burning  surface.  The  recorded  intensities  are  corrected  for 
the  spectral  response  of  the  photomultiplier  tube.  The  dashed  curve  in  Figure  33 
represents  recordings  taken  with  the  red  sensitive  photomultiplier  tube. 

For  the  wavelength  range  between  5400  A  and  6400  A  a  longer  flare  con¬ 
sisting  of  one  piece  was  utilized  for  the  wavelength  scan.  The  relative 
intensity  of  the  emitted  radiation  was  in  this  case,  somewhat  less  than  in  the 
case  of  t^e  short  flares.  In  addition,  the  wide  intensity  valley  between  5600  A 
and  5800  A  was  fouud  in  this  run  only. 

The  spectra  reveal  several  molecular  bands  in  the  green  region  of  the 
spectrum  mainly  originating  from  N2  and  CO  molecules.  In  addition,  three 
magnesium  lines  at  5154  A,  5173  A,  and  5184  A  are  clearly  detectable.  A  con¬ 
siderable  amount  of  radiation  in  the  visible  range  of  the  spectrum  was  emitted 
by  the  broadened  MgO  lines  at  4996  A  and  5007  A.  As  shown  in  Figure  34,  which 
refers  to  measurements  taken  6  inches  above  the  burning  surface,  the  percentage 
of  this  contribution  is  much  less  than  the  percentage  found  3/4  inch  above  the 
burning  surface.  Also,  the  self-absorption  dip  of  the  sodium  D-llnes  is,  at 
this  distance,  much  narrower  than  close  to  the  burning  surface,  indicating  that 
the  absorbing  sodium  atoms  are  at  lower  temperatures.  The  measurements  taken 
at  this  height  are  more  reproducible  than  the  other  measurements  because  there 
is  less  disturbance  of  the  emitted  radiation.  Close  to  the  burning  surface 
larger  particles  leaving  the  surface  may  have  caused  severe  fluctuations  of  the 
emitted  radiation.  Figure  35 shows  the  neighborhood  of  the  sodium  D-llnes  taken 
with  a  smaller  scanning  speed  (125  A/mln) . 

According  t.o  Figures  33,  34  and  35  most  of  the  radiation  in  the  visible 
region  falls  in  the  wavelength  range  between  4900  A  and  6500  A.  The  sodium 
resonance  doublet  appears  strongly  broadened  with  a  deep  center  dip  due  to  self 
absorption. 


81 
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Figure  34  -  Wavelength  dependence 
of  the  flare  intensity,  6  inches 
above  burning  surface. 
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Figure  35  -  Self  absorption  of  the 

Na  D- Doublet,  6  inches  above  the 
burning  surface. 


The  mixing  region  near  the  flare  surface  should  be  thin  (<1  mm).  That  the 
self -absorption  observed  has  been  broadened  so  much  appears  peculiar.  It  may  be 
that  the  gas  near  the  base  contains  a  mixture  of  cold  and  hot  sodium  atoms  and 
that  absorption  by  the  cold  sodium  occurs  throughout  the  flare  instead  of  simply 
in  the  external  mixing  region. 

Optical  Thickness  in  the  Flare  Plume 

Attempts  were  made  to  obtain  some  preliminary  information  about  the  optical 
thickness  (nontransparency)  of  the  flare  at  different  wavelengths.  For  this 
purpose  two  different  experiments  were  conducted. 

First  the  glowing  tungsten  ribbon  of  the  lamp  of  Figure  29  was  projected 
into  the  center  of  the  flame  by  the  lens  L2  and  the  change  of  the  radiation 
Intensity  with  and  without  the  lamp  was  recorded.  An  intensity  change  was 
observed  at  4000  X  as  well  as  at  8000  X,  Indicating  that  the  flame  was  not 
optically  thick  at  these  wavelengths.  The  change  in  intensity,  however,  was 
too  small  compared  with  the  intensity  fluctuations  to  draw  any  quantitative 
conclusions.  Close  to  the  wavelength  of  the  Na  D-lines  no  difference  in  radia¬ 
tion  intensity  could  be  detected  with  and  without  the  tungsten  lamp,  even  when 
the  point  of  observation  was  6  inches  above  the  burning  surface  of  the  flare. 

Similar  results  were  obtained  from  a  second  experiment  in  which  a  metal 
plate  oriented  perpendicular  to  the  optical  axis  was  moved  through  the  flame  in 
the  direction  of  the  optical  axis.  As  the  plate  approached  the  middle  of  the 
flame,  the  recorded  light  intensity  at  4000  X  and  at  8000  X  was  reduced  to  about 
half  of  its  original  value,  whereas  in  the  neighborhood  of  the  sodium  lines  no 
change  of  the  light  intensity  was  detected  until  the  plate  covered  the  flame 
entirely.  The  results  of  these  experiments  indicate  that  the  flare  was  approxi¬ 
mately  optically  thin  for  4000  and  8000  X,  whereas  the  opposite  is  true  for 
wavelengths  close  to  the  Na  D-lines.  For  more  definitive  quantitative  measure¬ 
ments  ,  a  more  elaborate  device  would  have  tc  be  used  which  would  allow  an 
accurate  Indication  of  dependence  of  flare  intensity  on  position  of  the  metal 
plate.  Also,  in  future  experiments,  a  standard  carbon  arc  should  be  used  as  a 
background  source.  The  radiation  intensity  of  the  tungsten  ribbon  lamp  is  too 
small  compared  with  that  of  the  flare  due  to  the  low  emissivity  of  tungsten 
(at  X  -  5800  X,  T  -  3000°K,  e  -  .434). 

Flare  Temperature  in  the  Plume 

For  the  determination  of  the  temperature  in  the  plume  the  absolute 
intensity  of  the  radiation  on  both  sides  of  the  self-absorption  dip  of  the 
sodium  resonance  doublet  was  measured.  The  spectrometer  was  calibrated  at  these 
wavelengths  with  the  tungsten  ribbon  lamp.  Since  the  brightness  temperature  of 
the  tungsten  ribbon  lamp  is  given  for  a  wavelength  of  6500  X,  a  correction  was 
necessary  for  the  wavelengths  at  6000  X  and  5800  X.  The  radiation  losses  due 
to  reflection  and  absorption  at  lens  L2  were  taken  into  account.  Thus,  a 
dallbratlon  factor,  C,  was  obtained  as 

r  m  *Lm  /  Amps  cmM 
B(X,TBL)  \  watt  / 
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and  the  brightness  temperature  of  the  flare  can  be  calculated  from 
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where  1^  and  1^  are  the  measured  intensities  of  the  lamp  and  the  flare 

respectively,  measured  in  units  of  the  photomultiplier  current  (amps). 

B(*,Tbl)  is  the  emission  of  the  lamp,  k  is  Boltzmann's  constant,  h  is  Planck's 

constant,  c  is  the  velocity  of  light  and  T__  is  the  brightness  temperature  of 
the  flare.  For  the  derivation  of  this  equation,  Wien's  approximation  of  Planck's 
radiation  law  was  used  (e  hc/AkT  >>l).  This  brightness  temperature  of  the  flare 
is  equal  to  the  true  flare  temperature  if  the  emissivity  of  the  flare  in  this 
wavelength  range  is  equal  to  one.  Values  of  the  temperatures  are  listed  for 
two  different  heights  in  Table  V.  In  this  table  it  is  also  shown  that  changes 
in  the  radiation  intensity  of  20  percent  to  25  percent  will  result  in  tempera¬ 
ture  changes  of  only  65  to  100°C.  If  the  emissivity  of  the  flare  at  these 
wavelengths  is  smaller  than  one,  the  flare  temperature  would  be  somewhat  higher. 
T_  (e«.8)  in  Table  V  gives  the  flare  temperature  for  an  emissivity  of  .8, 
which  is  considered  to  be  a  lower  limit.  Considering  the  different  uncertainties 
and  errors,  the  total  error  of  the  determined  flare  temperatures  is  believed  to 
be  not  larger  than  ±100°K.  More  accurate  temperature  measurements  may  be 
possible  if  the  light  Intensity  fluctuations  of  the  flare  can  be  eliminated. 

X-Rav  Experiments 

An  X-ray  photograph  of  a  flare  burning  in  a  helium  jet  is  given  in 
figure  36.  In  theory  the  soft  X-rays  should  have  been  absorbed  at  the  jet  center- 
line  In  an  amount  equal  to  the  thinnest  segment  of  the  optical  wedge  shown  on 
the  left  of  the  photograph.  Such  absorption  seems  to  occur  near  the  surface 
but  clearly  does  not  at  2  inches  above  the  surface.  This  is  thought  to  be 
related  to  the  speed  and  angle  of  the  ejected  Mg  particles.  Also  apparent  in 
figure  36  is  the  irregular  nature  of  the  surface  and  a  typical  buildup  of  oxide 
deposits  on  the  ignition  wire. 

4he  fact  that  a  substantial  fraction  of  the  flare  material  is  ejected 
as  Mg  was  found  to  appreciably  influence  X-ray  absorption  by  plume  gases  in 
the  helium-filled  chamber. 


Plume  Shape 

Typical  flare  plumes  are  shown  in  figure  37  for  flares  with  burning  sur¬ 
face  facing  up,  to  the  side,  and  down.  The  grid  mesh  size  in  figure  37(b)  and 
37(c)  is  one  inch.  The  flares  in  figure  37  were  inhibited  on  the  sides  and 
bottom  with  a  cellulose  acetate  coating.  Movie  sequences  of  flares  were  also 
taken.  For  comparison  purposes  a  flare  plume  is  shown  in  figure  38  for  a  flare 
wr £  ped  with  four  layers  of  masking  tape  in  addition  to  the  cellulose  acetate 
coating.  The  additional  inhibitor  provided  a  jet  effect  which  can  be  observed 
in  figure  38 . 
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FLUME  BRIGHTNESS  TEMPERATURES 
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Figure  37  -  Flare  plume 


Particle  Distribution 


In  figure  39  in  which  the  bright  part  of  the  flare  was  masked,  particles 
can  be  seen  falling  out  of  the  plume.  The  bright  particle  trace  represents  the 
particle  trajectory  during  the  1/200  second  exposure  indicating  a  fall  velocity 
of  approximately  2  feet  per  second.  The  thin  trail  of  MgO  left  by  the  particle 
is  typical  of  magnesium  particles  burning  in  air  which  occurs  when  unburned  Mg 
leaves  the  plume.  Particles  collected  2  feet  below  the  plume  as  well  as  those 
2  inches  above  flare  surface  but  within  the  plume  were  completely  burned. 

Sample  micrographs  are  shown  in  figure  40.  In  the  case  of  both  the  cenosphere 
figure  40(a)  and  the  particle  aggregate  figure  40(b),  the  large  particles  appear 
composed  of  clusters  of  particles  of  the  order  of  10  microns.  Thus,  all  MgO 
particles  observed  appear  to  be  10  microns  or  greater  in  diameter. 

Particles  ejected  from  the  plume  were  sampled  over  a  fraction  of  the  flare 
burning  time.  (Starting  and  burnout  transients  gave  excessive  particle  ejection 
and  so  were  not  considered.)  It  was  found  that  these  particles  contained  enough 
magnesium  to  account  for  25%  of  the  initial  weight  of  the  flare  burned  during 
the  sample  time. 

MgO  distribution  in  the  ascending  part  of  the  flare  plume  was  estimated 
by  observing,  scraping,  and  weighing  the  deposits  collected  on  the  1/2  inch 
wide,  flat  surface  support  arm  (figure  32)  following  several  flare  burnings. 

The  results  are  shown  in  figure  41.  No  attempt  was  made  to  correct  for  collection 
efficiency. 

The  profile  is  qualitatively  that  which  would  be  expected  for  the  velocity 
profile  next  to  a  hot  cylinder.  There  was  no  evidence  of  Mg  deposits  except  for 
a  single  Mg  particle  collected  6  inches  from  flare  center  line.  Thus,  nearly  all 
particles  were  completely  reacted  by  the  time  they  reached  the  support  rod. 
Deposits  of  magnesium  oxide  greater  than  .002  grams/cm2  completely  covered  the 
support  rod. 


DISCUSSION 
Plume  Spectra 

The  objective  of  the  spectral  evaluations  was  to  find  the  chief  contribu¬ 
tions  to  radiation  in  the  visible  region  and  a  measure  of  optical  mean  path  length 
in  plume  gases  as  a  function  of  wave  length  in  the  visible  range.  The  spectra 
shown  in  figures  33and34are  characteristically  similar  to  those  reported  in 
reference  7,  a  gray  body  continuum  with  superposed  broadened  lines  at  5000  A  and 
on  either  side  of  59U0  X,  with  the  exception  that  broadened  absorption  lines 
virtually  obscure  the  radiation  at  5900  X.  A  segment  of  the  spectrum  near 
5900  X  is  shown  in  figure  42  which  also  shows  the  fluctuations  in  intensity 
(presumably  due  to  flame  temperature  fluctuations  which,  in  turn,  probably 
relate  to  particle#combustion  and  the  broadening  of  the  D-lines  in  emission 
(approximately  500  A)  and  absorption  (approximately  100  X). 

According  to  Strong  and  Bundy^,  D-line  broadening  occurs  due  to 
absorption  broadening.  However,  the  amount  of  broadening  observed  here  is 
much  greater  than  expected  from  reference  3  as  was  pointed  out  in  the  section 
on  theoretical  considerations. 
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Particle  size  J55  20  -  60  microns  tightly  bonded  to 
the  metal.  Required  scraping  to  clean.  (More  of 
vapor  deposit  than  particle  deposit. ) 
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Peak  particle  concentration.  Particle 
size  range,  20  -  200  microns.  Easily' 
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Some  very  large  ^*800 
micron  dla.  cenospheres. 
Vapor  deposit  weakly  bonded, 

i  I  Mg  appeared  unburned. 


The  results  of  the  experiments  to  determine  optical  depth  in  the  plume 
combined  with  the  results  of  references  3,  4,  5,  and  6  suggest  the  following 
model  for  illumination  from  a  Mg  -  NaN03  flare.  Radietion  in  the  vipible  comes 
chiefly  from  the  broadened  D-lines  and  from  MgOtf particles .  A  radiating  slab  of 
gas  requires  approximately  2  x  10" 3  gms  of  MgO  particles /cm2  to  be  optically 
thick  over  the  entire  visible  region,  but  only  10“4  gms/cra2  of  Na  to  be  optically 
thick  at  the  D-line.  Thus,  the  plume  is  always  black  at  a  D-line.  Near  a 
D-line,  the  emissivity(3)  i8  given  by  (1  -  e_uDxSF)  where  OD  ■  NNa 
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center.  Therefore,  for  OD  •  SF  >  1,  plume  is  nearly  optically  thick;  for 
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Thus,  even  in  the  limit  that  both  sodium  and  MgO  particles  are  optically  thick, 
a  substantial  fraction  of  the  broadened  D-linc  will  have  e  5  1  and  therefore  will 
have  approximately  three  times  the  intensity  of  the  MgO  particle  continuum  on 
either  side.  (A  plume  2  feet  thick  contains  enough  MgO  particles  to  be  optically 
thick.)  Plume  size  Influences  the  sodium  radiation  in  a  different  way — as  plume 
thickness  increases ,  the  breadth  of  the  D-llne  Increases :  the  emisslvlty  at 
wave  lengths  near  the  D-line  approaches  unity.  These  considerations  are  pred¬ 
icated  on  the  assumption  of  a  uniform  gas  temperature  and  composition  between 
particles.  Because  active  combustion  of  magnesium  particles  persists  in  the 
plume,  temperature  inhomogeneity  may  play  a  significant  role  in  the  breadth 
of  the  D-line  observed. 


Flare  Temperature 

It  is  clear  that  because  of  ejection  of  Mg,  plume  composition  and  tem¬ 
perature  throughout  the  plume  cannot  be  taken  as  that  predicted  from  the  initial 
composition.  It  appears  that  particles  are  sufficiently  large  for  scattering 
to  be  neglected  and  sufficiently  scarce  for  the  plume  not  to  be  optically  thick 
but  to  cause  absorption  on  the  order  of  10  percent.  Further,  particle  burning 
time  should  be  sufficiently  long  so  that  thermodynamic  equilibrium  could  not  be 
approximated  near  the  surface  of  the  flare  and  the  temperature  and  composition 
in  the  plume  should  be  Influenced  by  the  existence  of  burning  particles. 

The  nominal  flare  composition  in  the  preceding  experiments  was  55  percent 
Mg.  Observing  that  25  percent  of  the  Mg  was  ejected  and  that  no  solid  Mg  was 
collected  in  the  plume,  we  may  deduce  that  even  for  this  fuel-rich  flare,  the 
actual  plume  gas  composition  lies  somewhere  less  than  35  percent  of  Mg  by 
weight:  i.e.,  the  flame  temperature  is  more  nearly  3000*K,  the  mole  fraction 
of  Na  approximately  20  percent,  the  mole  fraction  MgO  solid  approximately  38 
percent,  and  the  mole  fraction  of  Mg0(g)  approximately  0.8  percent. 
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X-ray  plume  density  measurement  was  one  of  the  parts  of  the  research 
program  that  required  the  most  elaborate  preparation  and  equipment,  but  It 
yielded  less  useful  information  than  relatively  much  simpler  experiments  such 
as  the  measurement  of  MgO  ft.  ‘  lout  from  the  plume. 

Only  a  superficial  consideration  has  been  given  the  interpretation  of  the 
X-ray  results  thus  far;  the  data  on  hand  warrant  more  extensive  evaluation. 
Perhaps  the  most  valuable  lesson  to  be  learned  from  the  experimental  techniques 
that  were  pursued  is  what  kinds  of  data  can  be  obtained  at  what  price. 

Plume  Shape 

It  can  be  seen  from  figure  37  orientations  that  differ  with  respect  to 
the  gravitational  field  produce  markedly  different  plumes  for  two  reasons: 

(1)  Buoyancy  forces  and  inertial  forces  have  different  relationships  in  the 
different  orientations  and  (2)  the  heat  transfer  to  the  burning  surface  produces 
different  shapes  of  burning  surfaces  and  markedly  different  plume  momentum 
distribution.  For  example,  if  the  plume  shape  of  figure  37(b)  is  compared 
with  the  shape  expected  of  a  hot  let  of  jet  velocity,  U_,  we  find  U  equals 
approximately  t  feet  per  second,  w)  On  the  other  hand,  the  jet  of  figure  37(c) 
gives  a  penetration  to  be  expected  of  a  jet  of  velocity  30  feet  per  second. (8) 
Plumes  in  figures  37(b)  and  37(c)  appear  to  be  more  strongly  influenced  by 
non-normal  velocities  at  the  burning  plane  than  does  the  plume  in  figure  37(a). 

A  second  factor  dealing  with  the  Influence  of  the  burning  surface  con¬ 
figuration  is  that  it  changes  radically  with  time.  These  changes  in  turn 
produce  modifications  in  plume  shape.  Such  changes  observed  in  high  speed 
movie  sequences  show  a  transient  accretion  of  MgO  particles  on  parts  of  the 
burning  surface  and  a  related  Irregular  character  of  the  shape  of  the  flare 
plume.  In  addition  to  the  radical  plume  shape  changes  with  time,  burning 
magnesium  being  ejected  from  the  plume  could  be  observed  in  the  high  speed 
movies . 


To  see  the  importance  of  the  shape  of  the  burning  surface  on  the  plume 
configuration,  figure  38,  where  the  flare  was  wrapped  with  four  layers  of  mask¬ 
ing  tape  before  igniting,  may  be  compared  with  figure  37(b),  where  only  the 
thin  cellulose  acetate  Inhibitor  was  employed.  In  figure  38  the  plume  is  that 
which  would  be  expected  of  a  jet  of  UQ  approximately  equal  to  100  feet  per 
second  as  determined  from  the  burning  rate. 

Currently,  it  is  not  clear  what  controls  the  plume  configuration  in  the 
absence  of  the  confining  collar  which  produces  a  jet.  Section  II  results  show 
that  distributed  sources  across  a  plane  will  give  a  plume  different  from  a  jet 
in  counter  flow. (9)  In  addition,  the  marked  inhomogeneity  of  the  unconflned 
plume  suggests  the  occurrence  of  small  jetlets  which  may  entrain  ambient  air 
and  decrease  the  length  of  jet  penetration. 

It  thus  appears  that  the  plume  can  be  treated  like  a  buoyant  jet  if 
the  burning  surface  is  recessed  behind  a  confining  collar.  Without  the  con¬ 
fining  collar  the  plume  is  strongly  influenced  by  subtle  changes  in  burning 
surface  configuration  which,  in  turn,  is  influenced  by  heat  transfer  from  the 
hot  plume  gas. 


In  the  case  of  the  jet-like  behavior,  adequate  experimental  and  analytical 
information  is  available  to  estimate  the  plume  composition  and  temperature  dis¬ 
tributions  in  the  case  of  upward  facing  jet^»10)  and  the  side  facing  jet.  (7) 
Inadequate  information  is  available  for  obtaining  distribution  in  the  case  of 
the  downward  facing  plume. It  is  not  clear  how  the  mixing  of  the  uncon¬ 
fined  plume  can  be  handled.  Because  in  practice,  irregularities  occur  and  have 
a  large  effect  on  plume  shape,  a  single  idealized  model  of  a  flat  surface  with 
distributed  sources  may  not  be  expected  to  serve  as  an  adequate  model  for  all 
of  the  shape  determining  factors . 

Particle  Distiibution 


Perhaps  the  most  noticeable  aspect  of  the  burning  plume  is  the  large 
number  of  particles  that  are  ejected,  as  is  demonstrated  in  figures  37  and  39. 

The  size  of  the  particles  is  such  as  to  suggest  that  scattering  phenomena  may 
be  negligible  in  estimating  the  light  emission  from  flare  plumes;  however,  the 
removal  of  these  particles,  no  doubt,  greatly  Influences  temperature  composition 
and  light  emission. 

As  was  noted  in  the  experimental  results,  deposits  of  less  than  .002  grams 
per  cm2  did  not  cover  the  support  arm.  According  to  Sato(^)  this  value  can  be 
used  to  estimate  the  mass  of  comparable  particles  that  produce  an  optically 
thick  cloud.  On  this  basis  a  plume  of  mean  molecular  weight  M  of  approximately 
AO,  temperature  3000°K,  and  concentration  of  30%  MgO  particles  would  be  optically 
thick  when  the  path  length  is  approximately  60  cm.  The  plumes  pictured  herein 
are  at  least  10  cm  in  depth.  The  fact  that  the  flare  can  be  observed  through 
the  plume  (as  well  as  photographed  (figure  37(c))  substantiates  that  it  is  in 
fact  not  optically  thick  at  all  wavelengths  in  the  visible  range. 

In  the  sampling  experiments  the  homogeneous  and  shiny  appearance  of 
approximately  50%  of  the  condensed  MgO  suggests  that  a  substantial  fraction 
of  the  MgO  present  in  the  plume  is  present  in  the  form  of  MgO(g)  or  supercooled 
vapor.  Because  of  the  substantial  departure  from  the  ideal  adiabatic  state, 
it  seems  that  the  conditions  as  the  plume  gases  mix  with  air  may  be  only  crudely 
estimated. 

To  a  first  approximation  (in  the  hotter  parts  of  the  plume), 


and  mass  fraction  of  a  species  1, 

M.  j  T  . 

i  mix  mix 
r. - ®  — 


so  that  m^  .  x  p  .  s  x  p  «s  constant.  To  a  first  approximation,  the  Mg0(s) 
and  the  Na  volume  concentrations  should  be  uniform  in  the  plume  as  it  becomes 
diluted.  It  seems  proper  to  select  a  value  of  nu  x  pQ  appropriate  to  con¬ 
ditions  corrected  for  Mg  depletion  (due  to  particle  ejection;  i,e.t 

pMgO*  8°lida*0.3  x  10”4  gms/cm3  and  PNfl(g)  *  10"5  gms/cm3. 

These  values  of  partial  density  were  used  in  estimating  efficacies. 
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CONCLUDING  REMARKS 


It  appears  that  the  ideal  flare  should  radiate  its  energy  to  the  surround¬ 
ings  with  negligible  Internal  absorption  and  before  convective  mixing  can  lower 
the  flare  gas  temperature.  The  successful  process  demands  a  plume  that  minimizes 
mixing  with  the  surrounding  air.  This  study  shows  that  plume  shape  (and,  hence, 
mixing  time)  is  Intimately  related  to  the  nature  of  the  burning  surface.  When 
the  casing  wall  is  thick,  the  gases  formed  produce  a  jet,  mixing  is  enhanced, 
and  flare  efficiency  suffers.  Mixing  time  for  the  inverted  plume  formed  without 
the  jet  effect  should  be  inversely  proportional  to  fall  rate — too  fast  a  rate 
should  impair  performance. 

The  ideal  efficacy  developed  ir.  this  paper  presupposed  a  homogeneous  plume 
of  MgO(s)  and  gaseous  products.  The  observation  that  actual  flares  have  actual 
efficacies  that  exceed  the  predicted  ideal  efficacies  shows  the  model  to  be 
faulty.  The  relatively  large  size  of  the  magnesium  particles  Insures  continued 
particle  burning  in  a  major  part  of  the  plume.  A  qualitative  consideration 
suggests  that  the  resulting  Inhomogeneous  plume  temperature  distribution  would 
result  in  an  increased  ideal  efficacy.  Such  a  model  demands  further  considera¬ 
tion. 


Although  the  large  particles  would  appear  to  be  beneficial  if  they  remain 
in  the  plume,  a  substantial  fraction  are  seen  to  fall  out  and  burn  in  air.  The 
light  produced  in  the  absence  of  the  sodium  vapor  has  a  much  lower  efficacy  than 
in  its  presence. 

This  study  points  to  the  need  for  basic  work  on  the  mixing  of  Inverted 
plumes  and  on  the  nature  of  magnesium  particle  combustion  in  the  presence  of 
Na,  O2  and  N2  mixtures. 


SUMMARY 


This  study  of  light  production  in  a  magnesium-sodium  nitrate  flare  has 
yielded  the  following  results. 

1.  Twc  measures  of  goodness  of  flare  performance  are  proposed:  The 
efficacy  which  rates  the  flare  constituents,  and  the  efficiency  which  rates 
the  burning  process.  The  efficacy  is  seen  to  depend  upon  plume  composition, 
size  and  homogeneity.  The  efficiency  is  shown  to  depend  upon  the  way  the  plume 
mixes  with  the  surrounding  air. 

2.  The  visible  radiation  is  due  primarily  to  broadened  sodium  D-line  and 
a  gray  continuum  from  MgO(s).  The  flare  plume  is  approximately  10Z  Na  and  30Z 
MgO(s) .  This  composition  is  Influenced  by  large  particles  of  magnesium  solids 
being  ejected  from  the  plume.  Plume  lnhomogenelties  in  composition  and  tem¬ 
perature  occur  in  relation  to  the  burning  of  large  (300-600  y)  magnesium 


particles.  Observed  efficacies  are  higher  than  efficacies  computed  for  a 
homogeniour.  ideal  plume.  Also,  the  breadth  of  the  sodium  D-line  is  almost  10 
times  that  predicted  from  absorption  broadening.  It  is  suggested  that  the  high 
efficacies  are  related  to  D-line  breadth  which  is,  in  turn,  related  to  hot 
spots  caused  by  particle  burning. 

3.  Plume  shape  is  influenced  by  flare  orientation  in  two  ways:  The 
relationship  between  gas  momentum  direction  and  gravity,  and  heat  flux  to  the 
burning  surface  which  influences  surface  shape.  Flares  aimed  up  retain  a 
collar  and  are  jet-like:  those  aimed  to  the  side  have  an  asymmetrical  burning 
surface  and  those  aimed  down  have  no  collar  but  more  directed  momentum  than  the 
side  facing  surface.  These  factors  Influence  plume  size  and  dilution  rates. 

4.  Extinction  lengths  are  estimated  to  be  10“6  cm  at  the  Na  D-line  and 
60  cm  at  wave  lengths  other  than  that  of  the  D-line. 
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SECTION  V 

LUMINOUS  INTENSITY  DISTRIBUTION 
INTRODUCTION 


Various  techniques  have  been  utilized  in  previous  work  by  other  investi¬ 
gators  to  develop  apparatus  that  could  measure  intensity  in  plumes  other  than 
those  for  illuminating  flares  to  provide  isointensity  contours.  Hie  earlier 
approaches  relied  almost  exclusively  on  temperature  measuring  techniques. 
Temperatures  were  measured  by  devices  such  as  high  temperature  thermocouples, 
melting  wires  and  optical  pyrometers.  Although  temperature  profiles  of  varying 
but  acceptable  resolution  were  obtained,  the  data  could  not  be  readily  or 
accurately  translated  into  intensity  because  of  the  variation  of  emissivity 
throughout  the  plume. 

Other  investigators  attempted  to  develop,  for  illuminating  flares,  a 
scanning  photometer  that  optically  traversed  the  flare  plume  along  one  axis 
by  means  of  a  nutating  mirror.  The  orthogonal  axis  of  the  mirror  was  displaced 
by  means  of  a  stepping  motor  or  rotating  helical  slits.  The  major  problem 
with  such  techniques  was  that  of  identifying  which  portion  of  the  plume  was 
actually  being  viewed  at  a  given  time.  Usually  this  was  done  by  determining 
the  angles  of  the  nutating  mirror  in  both  the  horizontal  and  vertical  direc¬ 
tions  by  the  elapsed  time  of  the  nutating  cycle.  This  produced  a  prolific 
amount  of  data  that  when  coupled  with  the  problem  of  resolution  of  the  viewing 
area  resulted  in  an  unwieldy  data  reduction  problem.  Hie  cost  of  constructing 
instrumentation  of  this  variety  was,  and  still  is,  prohibitive. 

Another,  and  perhaps  the  most  useful,  of  earlier  techniques  was  quasi- 
quantitive  in  nature:  this  was  the  photographic  method.  One  variety  employed 
a  motion  picture  camera  fitted  with  either  a  rotating  neutral  density  filter 
whose  optical  density  varied  with  angle  of  rotation,  or  a  number  of  separate 
filters  that  were  sequentially  placed  in  the  optical  path  of  the  camera. 

These  techniques  resulted  in  pictures  of  a  flare  plume  whose  size  was  inversely 
proportional  to  the  luminous  flux  density  of  the  area  being  viewed.  However, 
as  previously  mentioned,  this  method  lacked  the  accuracy  in  intensity  measure¬ 
ments  required  in  a  truly  quantitative  study  of  the  luminous  intensity  dis¬ 
tributions  within  a  flare  plume.  The  apparatus  used  in  the  study  covered  by 
this  report  to  accomplish  the  measurement  of  luminous  intensity  distribution 
was  conceived  and  designed  to  incorporate  the  following  features,  thereby 
overcoming  the  deficiencies  of  earlier  attempts.  These  features  are  described 
in  the  following  paragraphs. 

An  accurate  and  relatively  simple  technique  of  scanning  with  a  well 
defined  field  of  view  was  accomplished  by  utilizing  a  fixed  field  of  view 
with  the  object  of  interest  being  imaged  on  a  well  defined  plane  within  the 
instrument.  The  collecting  optics  are  such  that  the  image  size  is  as  large 
as  possible  with  respect  to  the  image  plane  without  being  larger  than  the  plane 
in  any  one  direction.  The  image  plane  is  drilled  with  accurately  measured 
apertures  which  are  in  a  rectilinear  pattern  in  the  plane.  Thus,  with  fixed 
optics,  fixed  apertures,  and  a  fixed  image  plane,  the  field  of  view  of  each 
aperture,  and  the  instrument  as  a  whole,  is  rigidly  defined.  Since  each 
aperture  views  a  specific  and  constant  portion  of  the  overall  field  of  view, 
a  means  of  allowing  only  one  aperture  at  a  time  to  pass  energy  to  the  detector 
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is  required.  This  is  accomplished  by  sweeping  an  opaque,  endless  tape  across 
the  image  plane.  This  tape  has  apertures  oriented  in  such  a  manner  that  one 
aperture  o£  the  tape  sweeps  horizontally  across  the  image  plane,  alternately 
coinciding  with  all  of  the  image  plane  apertures  in  a  horizontal  row  with  the 
coincidence  of  tape  and  image  apertures  allowing  energy  to  pass  on  to  the 
detector  of  the  system.  After  this  particular  aperture  in  the  tape  has  fully 
traversed  the  image  plane,  it  is  followed  by  another  aperture  which  is  dis¬ 
placed  in  the  vertical  direction  and  sweeps  the  adjacent  horizontal  row  of 
apertures  in  the  image  plane.  By  the  repetitive  cycling  of  the  opaque  tape, 

the  image  on  the  image  plane  is  repeatedly  sampled  with  the  area  of  each 

sample  being  well  defined. 

An  accurate  and  reliable  means  of  measuring  the  luminous  intensity  of 
the  area  being  viewed  was  accomplished  by  selecting  and  matching  all  components 
in  such  a  manner  as  to  provide  the  instrument  with  a  relative  spectral  response 
essentially  equivalent  to  that  of  the  human  eye.  A  vacuum  photodiode  is  used 
in  lieu  of  a  photomultiplier  or  semiconductor  to  bypass  the  complexity  and  non¬ 
linearity  of  the  former  and  the  slow  response  time  and  poor  sensitivity  (with¬ 

in  comparable  cost  figures)  of  the  latter.  With  the  use  of  the  vacuum  photo¬ 
diode  the  instrument  has  a  fast  rise  time,  good  linearity,  and  known  spectral 
response.  One  other  feature  worthy  of  note  was  incorporated  in  the  instrument. 
By  the  use  of  an  integrating  diffuse  sphere  it  was  possible  to  assure  that 
the  detector  surface  was  always  being  uniformly  illuminated.  If  the  detector 
had  viewed  the  image  plane  directly,  each  aperture  would  have  been  focused  on 
a  different  portion  of  the  detector  surface  and  since  such  surfaces  are 
notoriously  non-uniform,  the  accuracy  of  the  instrument  would  have  been 
compromised.  Utilization  of  the  techniques  described  leaves  the  apparatus 
inherently  free  of  complex  optics  and  scanning  schemes.  The  major  cost  factors 
were  thus  eliminated  and  the  resulting  instrument  is  simple,  effective  and 
reliable. 

Using  the  above  described  apparatus  the  luminous  intensity  distributions 
of  one  inch  diameter  magnesium,  sodium  nitrate,  laminae  flares  burned  in  both 
nitrogen  and  air  were  obtained  and  the  results  are  presented  herein  in  terms 
of  relative  luminous  intensity  contours,  relative  intensity  versus  projected 
plume  area,  and  percent  of  total  luminous  intensity  as  a  function  of  percent 
plume  area.  Conclusions  are  presented  regarding  the  results  of  the  effort  and 
recommendations  are  made  for  further  investigations. 

INSTRUMENTATION 

Profile  Radiometer  (Scanner).  The  investigation  of  light  intensity 
distribution  within  the  flare  plume  was  accomplished  by  a  scanning  radiometer. 
An  exact  reproduction  of  the  plume  was  reduced  in  size  and  imaged  onto  a 
sampling  grid  through  the  use  of  an  achromatic  lens.  The  sampling  grid  is  a 
multi-apertured  device  through  which  the  light  enters  an  integrating  sphere 
to  be  detected  by  a  vacuum  photodiode.  The  combination  of  the  photodiode 
and  a  suitable  filter  results  in  a  standard  eye  response.  The  entrance  of  the 
light  into  the  sphere  is  controlled  by  a  perforated  tape  driven  past  the  holes 
in  the  sampling  grid  by  a  synchronous  motor.  This  perforated  tape  will  open 
only  one  sampling  aperture  at  a  time;  therefore,  a  definite  portion  of  the 
plume  is  sampled  at  each  coincidence  of  tape  aperture  and  grid  aperture 
located  within  the  boundaries  of  the  plume  image.  The  detector  is  a  linear 
device  in  that  a  calibrated  Increase  of  light  impingment  on  the  diode  cathode 
will  result  in  an  increase  in  voltage  output  from  the  detector.  The  detector 


output  is  fed  into  an  operational  amplifier  with  a  closed  loop  voltage 
gain  of  75  db.  This  operational  amplifier  has  the  high  input  impedance 
and  low  output  impedance  needed  to  match  to  the  photodiode  detector  and 
recorder.  Figure  43  represents  typical  data  from  the  scanner. 


EG&G  Radiometer.  An  EG&G  Inc.  Model  580-11  Radiometer  was  used  to  obtain 
the  total  flare  luminous  intensity  versus  time.  When  the  radiometer  is  used 
in  conjunction  with  a  suitable  recorder  it  provides  a  strip  chart  readout  of 
calibrated  deflection  with  flare  burn  time.  Figure  44  represents  typical  data 
from  the  EG&G  radiometer. 

Recorders.  An  oscillographic  recorder  with  peak  response  of  the  order 
of  5  kc  was  used  with  th«*  scanning  radiometer.  A  five  inch  chart  width 
allowed  a  maximum  and  mir^  .  jn  discemable  signal  ratio  of  500  to  1.  The  low 
input  impedance  of  the  recorder  amplifiers  allowed  a  direct  connection  from 
the  scanner  radiometer  to  the  recorder  without  going  through  a  device  to 
match  impedance. 

In  conjunction  with  the  EG&G  radiometer  a  Texas  Instruments  Inc.  Model 
P1CAH  hot  wire  recorder  was  used.  This  recorder  is  a  mechanical  type  with 
a  low  frequency  response;  however,  due  to  the  nature  of  the  data  to  be  recorded, 
the  response  was  sufficient.  The  EG&G  radiometer  with  the  Texas  Instruments 
recorder  was  calibrated  against  a  secondary  standard  light  source  so  that 
candlepower  readings  could  be  taken  directly  from  the  recorder  chart. 

EXPERIMENTAL  PROCEDURE 

Flare  Holder.  Each  individual  flare  was  epoxled  to  an  aluminum  bar 
which  was  rigidly  mounted  in  a  test  stand  movable  in  azimuth  and  elevation  so 
that  before  each  test  the  flare  could  be  positioned  according  to  test  procedure. 
The  flare  was  mounted  in  a  plume-down  position  and  held  rigidly  in  place 
during  the  burning  cycle.  It  was  necessary  to  wrap  the  outer  case  of  the 
flares  with  overlapping  masking  tape  so  that  flash-by  would  not  occur  while 
burning  in  the  plume-down  position.  The  flares  were  prepared  for  burning  by 
painting  three  coats  of  first-fire  material  to  the  end  surface.  The  first 
two  coats  of  first-fire  were  allowed  to  dry  before  applying  the  next  coat. 

After  the  flares  were  wrapped  in  masking  tape,  a  six-inch  piece  of  viscose 
fuse  was  placed  and  taped  onto  the  first-fire  surface.  The  flare  holder  is 
depicted  on  the  left  side  of  Figure  45.  The  four  plies  of  masking  tape  provided 
approximately  0.025  inches  of  total  thickness. 

Physical  Arrangement.  The  flare  holder  was  placed  six  feet  from  the 
radiometer  in  all  cases.  This  distance  was  selected  so  that  the  flare  plume 
image  would  fill  the  sampling  grid  borders  on  the  radiometer.  At  this  distance 
the  radiometer  detector  and  amplifier  were  operating  in  the  medium  power 
density  curves  thereby  allowing  more  accurate  measurements. 

Rigid  mounting  of  the  flare  presented  a  problem  in  that  as  the  flare 
burned  the  plume  changed  position  upward  by  the  length  of  the  flare.  This 
was  solved  by  relating  the  actual  plume  movement  to  the  reduced  image  size 
on  the  radiometer  sampling  grid.  Simply  by  plotting  the  plume  movement  versus 
time  the  position  of  the  plume  may  be  found  at  any  particular  sampling  cycle. 
This  data  was  then  used  as  a  function  of  sampling  cycle  and  time.  The  complete 
mechanical  and  optical  test  apparatus  is  depicted  in  Figure  45.  The  flare 
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Figure  43  -  Typical  scanner  radiometer  display 
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Figure  44-  Typical  EG&G  radiometer  display 


Figure  45  ~  Flare  test  stand  and  physical  arrangement. 


image  was  positioned  precisely  at  the  same  point  on  the  sampling  grid  for 
each  individual  experiment. 

Environmental  Conditions 


Air.  Half  of  the  sample  flares  tested  were  run  in  normal  atmosphere. 
It  is  apparent  from  the  relative  luminous  intensity  curves  that  cross  winds 
of  varying  velocities  were  present  when  the  data  was  taken.  In  no  case  were 
these  cross  winds  above  7  feet  per  second.  Within  this  limit  the  winds  are 
referred  to  as  "light"  or  "heavy"  depending  upon  observed  effects  on  the 
plume  rather  than  on  measured  wind  velocity.  Efforts  were  made  to  place  the 
radiometers  upwind  from  the  flare  to  lessen  the  attenuation  due  to  smoke. 

Nitrogen.  Nitrogen  was  used  as  an  inert  atmosphere  in  which  to 
test  half  of  the  flares.  The  flares  were  placed  directly  above  a  grid  diffuser 
so  that  they  might  become  totally  surrounded  by  a  continuous  flow  of  nitrogen. 
The  nitrogen  was  taken  directly  from  a  tank,  regulated,  and  then  fed  through 
a  solenoid-operated  valve.  From  the  solenoid  valve  the  nitrogen  was  piped 
to  a  diffuser  pot  placed  directly  below  the  flare.  The  diffuser  pot  was 
constructed  so  as  to  provide  a  uniform  flow  of  nitrogen  forming  a  column 
eight  inches  in  diameter.  The  nitrogen  velocity  was  held  at  six  to  seven 
feet  per  second  during  all  these  tests.  Not  unlike  the  flares  burned  in 
atmosphere  there  are  minor  cross  wind  effects  in  these  data.  These  winds 
did  not  appear  to  alter  the  operation  of  the  flare  other  than  for  a  slight 
deforming  of  the  relative  luminous  intensity  lines. 

DATA  REDUCTION 

Scanning  and  Plotting.  Each  recorded  pulse  from  the  scanning  radiometer 
is  a  result  of  a  coincidence  of  particular  apertures  of  the  grid  and  rotating 
tape  which  are  within  the  boundary  of  the  flare  image.  The  amplitude  of  the 
pulse  is  directly  proportional  to  the  luminous  intensity  in  candlepower  of 
the  area  of  the  flare  plume  being  viewed  at  any  particular  time  as  a  result 
of  the  alignment  of  grid  aperture  and  tape  aperture.  (See  Figure  43  ) 

For  a  given  flare  the  pulse  heights  for  each  area  of  the  plume  viewed 
by  coincidence  of  aperture  were  averaged  and  then  normalized  to  the  most 
Intense  region,  resulting  in  a  two-dimensional  matrix  of  relative  Intensities, 

In  order  to  present  the  contours  of  each  flare  in  a  uniform  manner,  relative 
intensities  of  90  percent,  50  percent,  10  percent,  2.5  percent,  and  1.0  per¬ 
cent  were  selected,  primarily  on  the  basis  of  their  separation  when  depicted 
in  graphical  form. 

To  obtain  the  physical  location  of  these  contours  the  following  technique 
was  utilized.  Each  position  in  the  aforementioned  matrix  represents  a  particu¬ 
lar  portion  of  a  given  flare  plume.  Since  the  values  in  the  matrix  were 
seldom,  if  ever,  the  exact  values  to  be  plotted,  interpolation  between  these 
values  was  utilized  in  order  to  obtain  the  location  of  the  desired  relative 
intensity  point. 

* 

It  soon  became  apparent  that  graphical  means  of  interpolation  was  the 
most  expedient  and  probably  the  most  accurate.  Due  to  the  consistent  trend 
of  the  intensities  in  both  the  vertical  and  horizontal  directions,  the  graphical 
interpolation  is  probably  as  valid  as  any  technique  other  than  sophisticated 
statistical  analysis  such  as  is  possible  only  with  high-speed  computers. 
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Accuracy  of  Results.  Considering  the  optical  parameters  of  the  scanning 
radiometer  and  the  physical  arrangement  or  the  experimental  apparatus,  the 
area  being  viewed  at  any  given  time  was  a  circle  0.66  inch  in  diameter.  The 
height  of  the  data  pulse  is  determined  by  emission  from  this  total  surface 
area;  however,  in  presenting  the  data  in  the  form  discussed  it  had  to  be 
assumed  that  the  intensity  of  any  given  area  emitted  from  a  point  at  the 
center  of  the  circle. 

This  introduces  an  inherent  inaccuracy  into  the  data  as  presented.  This 
inaccuracy  in  terms  of  location  of  a  given  relative  intensity  point  could  be 
not  greater  than  the  distance  from  the  center  of  the  circle  to  its  periphery, 
which  is,  of  course,  the  radius  of  that  circle.  Therefore,  it  must  be  kept 
in  mind  that  due  to  this  assumption  alone  there  are  possible  errors  of  ±  0.33 
inches  included  in  the  relative  intensity  contours.  Also,  there  are  obviously 
random  errors  involved  due  to  rapid  fluctuations  within  the  flare  plume  and 
only  large  numbers  of  data  points  could  reduce  this  error.  Since  the  fluctua¬ 
tions  such  as  those  caused  by  wind  effects  obviously  appear  in  their  averaged 
form  (as  shown  in  the  graphical  presentation),  it  is  felt  that  it  is  safe  to 
assume  that  the  relative  intensity  contours  shown  are  reasonably  within  the 
±  0.33  inch  variation  resulting  from  the  geometry  of  the  system  as  long  as 
it  is  kept  in  mind  that  the  contours  presented  are  essentially  time -averaged, 
but  still  transient,  pictures  of  a  continuously  changing  source. 

EXPERIMENTAL  RESULTS 

The  results  are  shown  in  terms  of  relative  luminous  intensity  contours, 
relative  intensity  versus  projected  plume  area  (referred  to  hereafter  only 
as  plume  area)  and  percent  of  total  luminous  intensity  as  a  function  of 
plume  area.  Table  VI  shows  averaged  data  for  all  flares  burned  in  both  air 
and  nitrogen. 


TABLE  VI  -  AVERAGED  DATA  FOR  FLARES 
BURNED  IN  NITROGEN  AND  AIR 

FLARES  BURNED  IN  AIR  ENVIRONMENT: 


AeReCo 

Intensity 

Time 

Area 

Efficiency 

Series* 

cp 

Sec 

sq.in. 

candle-sec 

gm 

845 

35,000 

42.5 

94 

29,300 

855 

51,500 

32.5 

138 

33,000 

860 

68,000 

30.5 

124 

40,900 

868 

91,000 

32.0 

170 

57,400 

FLARES  BURNED  IN  NITROGEN  ENVIRONMENT: 


AeReCo 

Intensity 

Time 

Area 

Efficiency 

Series* 

cp 

Sec 

sq.in. 

candle-sec 

gm 

845 

30,000 

43.5 

78 

25,700 

855 

45,000 

36.0 

107 

31,900 

860 

62,000 

31.5 

171 

38,500 

868 

85,000 

31.0 

440 

52,000 

*The  last  two  digits  indicate  the  percent  magnesium. 
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There  was  no  attempt  to  correct  the  data  for  the  random  effects  of  wind 
velocity  in  the  preceding  table. 

Relative  Lu.inous  Intensity  Contours  -  Contours  were  plotted  for  a  total 
of  sixteen  plumes,  7*uese  are  shown  in  Figure  46.  The  results  for  all  six¬ 
teen  plumes  are  shown  in  one  figura  in  order  to  allow  easy  comparison  for 
burning  in  both  air  and  nitrogen  and  for  varying  percentages  of  magnesium. 
Radiation  emitted  outside  the  area  bounded  by  the  minimum  relative  contour 
of  .01  was  considered  to  be  quite  small.  Therefore,  the  area  of  the  plume 
is  considered  to  be,  for  all  practical  purposes,  that  area  inside  the  .01 
relative  intensity  contour.  This  area  was  used  in  all  intensity  evaluations. 
For  a  few  of  the  burnings,  data  were  not  obtained  to  complete  all  of  the 
outside  contours.  Therefore,  completion  of  these  contours  was  estimated  as 
shown  by  broken  lines.  The  amount  of  luminous  intensity  involved  in  these 
estimates  is  not  large,  and  having  them  drawn  in  eases  the  process  of  estab¬ 
lishing  the  curves  shown  in  the  subsequent  figures,  which  depend  upon  the 
areas  bounded  by  the  contours. 

Inasmuch  as  the  relative  intensity  contours  represent  only  the  relation¬ 
ship  to  the  maximum  intensity  within  the  plume,  it  is  necessary  to  consider 
the  total  luminous  intensity  in  conjunction  with  the  relative  luminous 
intensity  in  order  to  show  which  areas  are  most  significant  from  the  stand¬ 
point  of  visible  radiation. 

Total  luminous  Intensity  -  The  total  measured  luminous  intensity  is  shown 
in  Table  VI.  It  can  be  seen  that  for  flares  burned  in  air  the  intensity  varies 
from  35,000  candlepower  for  45  percent  magnesium  to  91,000  candlepower  for 
68  percent  magnesium.  For  flares  burned  in  nitrogen  the  intensity  is  five 
to  six  thousand  candlepower  lower. 

By  considering  the  product  of  the  mean  relative  luminous  intensity 
between  contours  and  the  area  between  contours,  the  relative  luminous 
intensity  can  be  related  to  total  luminous  intensity,  and  the  percent  of 
total  luminous  intensity  as  a  function  of  area  can  be  determined.  The  percent 
of  total  luminous  intensity  relates  to  the  amount  of  visible  radiation  emitted 
from  a  given  area  within  the  plume  and  differs  from  relative  intensity  which 
relates  the  luminous  intensity  at  a  given  point  to  the  maximum.  Inasmuch 
as  the  variation  in  relative  luminous  intensity  is  not  linear  with  distance 
from  one  contour  to  the  next,  a  plot  of  relative  intensity  versus  plume  area 
is  used  as  a  means  of  obtaining  the  product  of  relative  luminous  intensity 
and  plume  area.  In  Figure  47  the  area  under  the  curve  between  two  contours 
divided  by  the  area  under  the  entire  curve  gives  the  percent  of  the  total 
luminous  intensity  attributed  to  the  area  between  contours.  Using  this 
relationship,  curves  shewing  percent  of  total  luminous  intensity  versus 
percent  of  plume  area  were  plotted  and  are  shown  in  Figure  48.  As  with  Figure 
5,  symbols  identify  the  contours  with  the  ireas  they  bound.  It  can  be  seen 
from  these  curves  that  the  maximum  percent  of  total  intensity  lies  generally 
between  adjacent  contours  .10  and  .50,  For  example,  on  the  curve  for  flare 
AeReCo  868-1  the  total  luminous  intensity  between  contours  ,10  and  ,50  is 
approximately  46  percent  of  the  total  for  an  area  which  is  26  percent  of  the 
total. 
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FLUME  AREA  -  SQUARE  INCHES 

Plots  of  relative  luminous  intensity  versus  plume  area  as  determined  from  rest 
abscissa  scale  difference  for  AeReCo  868-2  flare.  Relative  luminous  intensity 


OF  TOTAL  LUMINOUS  INTENSITY 


SUMMARY 


It  became  apparent  after  observation  of  the  luminous  intensity  profiles 
of  the  various  flares  studied  that  the  flames  resulting  from  these  solid  fuel 
and  oxidizer  mixtures  are  not  too  different  in  shape  and  form  factor  than 
a  flame  from  a  wax  candle  or  a  propane  burner.  It  is  true  that  the  flare 
is  far  more  erratic  in  its  flame  structure,  but  when  viewed  from  a  time  and 
area  average  point  of  view  which  is  accomplished  by  the  scanning  device 
previously  discussed,  and  by  appropriate  data  reduction  techniques,  it  is 
fou.->d  that  these  time  and  area  profiles  do  indeed  exhibit  a  similarity  to 
ordinal./  flame  profiles  as  well  as  show  the  effects  of  the  prevailing  ambient 
conditions  during  the  course  of  the  experiments. 

This  similarity  in  form  can  probably  prove  to  be  a  useful  tool  in  future 
analyses  as  long  as  it  is  kept  in  mind  that  only  the  integrated  plume  shares 
these  similarities. 

Certain  conclusions  can  be  drawn  from  the  results  of  the  measurement  of 
these  luminous  intensity  profiles.  These  can  be  based  essentially  on  the 
effects  created  by  three  variables: 

1.  Percent  Fuel  (Magnesium) 

2.  Environment  (Air  or  Nitrogen) 

3.  Wind  Velocity 

The  effect  of  these  variables  are  noted,  or  observed,  through  the 
resultant  variation  in  at  least  four  parameters. 

1.  Intensity  (Candlepower) 

2.  Bum  Time  (Seconds) 

3.  Plume  Area  (Square  Inches) 

4.  Plume  Shape  (Relative  Intensity  Contour  Lines) 

The  following  comments  briefly,  and  in  very  general  terms,  consider  each 
of  the  three  variables  and  point  out  its  effect  on  each  of  the  aforementioned 
parameters  where  applicable. 

Effect  of  Percent  Fuel  -  Hie  sample  flares  consisted  of  fuel  percentages 
(magnesium)  of  45,  55,  60,  and  68.  The  following  effects  were  observed. 

tt 

1.  Luminous  Intensity.  In  all  cases,  the  luminous 
intensity  increased  with  increasing  percent  fuel. 

2.  Bum  Time.  Generally,  the  bum  time  decreased  with 
increasing  percent  fuel.  The  one  exception  observed 
does  not  necessarily  indicate  a  discontinuity  in  the 
trend.  (Ref.  Table  I,  Series  860,  in  Air) 

3.  Plume  Area.  Generally,  the  plume  areas  tended  to 
Increase  with  increasing  percent  fuel. 

4.  Plume  Shape.  While  no  definite  trend  was  established 
it  was  observed  that  the  larger  plumes  (higher  percent 
fuels)  were  more  subject  to  distortion  from  wind  load¬ 
ing  than  smaller  ones. 
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Effects  of  Environment  -  The  sample  flares  were  all  burned  in  a  plume 
downward  position,  under  ambient  atmospheric  conditions  at  sea  level.  Hie 
differences  in  environment  for  each  type  of  flare  was  the  difference  between 
burning  under  pure  ambient  conditions  and  when  subjected  to  an  upward  and 
diffuse  flow  of  nitrogen  at  approximately  6  feet  per  second  to  simulate  the 
loss  of  ambient  oxidizer  to  the  system.  While  this  technique  did  not  fully 
isolate  the  flares  from  ambient  oxidizer,  its  effect  was  observable. 

1.  Luminous  Intensity.  In  all  cases,  the  flares  subjected 
to  a  flow  of  nitrogen  were  less  intense  than  those 
burned  in  air  alone. 

2.  Burn  Time.  In  general,  the  flares  subjected  to  the  » 

nitrogen  flow  burned  at  a  slower  rate.  There  was 

evidence  that  this  difference  in  burn  time  diminishes 
under  fuel  rich  conditions  approaching  68  percent  fuel. 

3.  Plume  Area.  For  the  lower  percentages  of  fuel  (45 
percent  and  55  percent)  the  flares  burned  in  air  alone 
had  larger  plumes.  For  the  higher  percentage  fuels 
(60  percent  and  68  percent)  the  flares  subjected  to 

a  flow  of  nitrogen  had  the  larger  plumes.  Some  of 
this  may  be  due  to  variations  in  wind  load  but  defi¬ 
nitely  not  all.  It  would  be  worthwhile  to  confirm 
this  under  more  rigidly  controlled  conditions. 

4.  Plume  Shape.  No  general  conclusion  can  be  made  for 
the  effects  of  the  two  environmental  conditions  as 
the  flares  burned  under  a  flow  of  nitrogen  probably 
had  a  greater  tendency  to  distort. 

Effects  of  Wind  Velocity  -  While  no  attempt  was  made  to  control  or 
measure  the  wind  velocity,  its  effect  was  noticeable  and  was  observed  in  a 
qualitative  sense. 

1.  Luminous  Intensity,  In  general  the  flares  suffered  a 
loss  in  intensity  when  subjected  to  moderate  wind 
loads.  Hcwever,  some  interesting  effects  are  noted 
on  the  parameters  to  follow. 

2.  Burn  Time.  Under  the  previously  described  test  condi¬ 
tions  this  was  probably  the  least  affected  parameter. 

There  were  instances  when  heavy  winds  distorted  the 
plumes  to  such  an  extent  that  the  flames  lapped  up¬ 
ward,  preheating  and/or  burning  through.  The  data 
from  these  instances  were  not  Included  in  this  study. 

3.  Plume  Area  and  Shape.  In  terms  of  overall  actual  area 
it  would  be  difficult  to  conclude  either  the  absence 
or  presence  of  a  trend.  Perhaps  it  is  sufficient  to 
conclude  that  these  experiments  are  inconclusive  in 
this  regard.  From  Figure  46  it  can  be  noted  that  the 
percentage  plume  area  occupied  by  the  higher  intensity 
zones  is  less  affected  by  wind  conditions  than  the 
percentage  area  occupied  by  the  less  intense  zones. 
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SECTION  VI 


DISCUSSION  OF  RESULTS 


There  are  several  areas  which,  after  study  of  SECTIONS  II  through  V  may 
fruitfully  be  submitted  to  further  analysis  and  evaluation.  It  is  apparent 
from  this  study  that  the  interdependence  of  parameters  is  so  great  that 
Isolation  of  the  variables  Is  a  very  difficult  task  and  Is  possibly  the  most 
severe  of  the  problems  encountered.  It  is  likely  as  a  result  of  the  work 
reported  herein  and  the  work  of  others  herein  referred  to  that  most,  if  not 
all,  of  the  relevant  variables  have  been  identified.  It  is  shown  by  the 
results  that,  although  the  assumption  of  a  given  set  of  equilibrium  conditions 
in  the  flare  plume  allows  fruitful  treatment  of  many  of  the  parameters,  a 
state  of  overall  equilibrium  does  not  exist  and  that  a  group  of  superimposed 
submechanisms  probably  are  responsible  for  a  significant  amount,  if  not  most, 
of  the  light  production. 

It  is  the  objective  In  the  following  pages  to  discuss  the  nature  of  the 
light  producing  mechanisms  in  view  of  the  work  done  in  this  program  and  that 
in  the  references.  These  are,  in  order:  (l)  temperature  measurements  and 
correlation  with  luminous  intensity,  (2)  analysis  of  particle  behavior  in  the 
plume,  (3)  effects  of  magnesium  particle  size,  (4)  effect  of  velocities  of 
particles  in  the  plume,  (5)  effect  of  the  surrounding  gaseous  medium,  (6) 
effect  of  flare  diameter  variation,  (7)  binder  formulations,  and  (8)  case 
effects.  It  must  be  emphasized  that  the  conclusions  reached  in  these  analyses 
are  tentative.  In  many  of  the  analyses  the  data  are  inadequate  either  to 
prove  or  disprove  the  conclusions  reached,  but  an  attempt  has  been  aade  to 
provide  a  sound  base  for  planning  of  further  experimentation  and  study. 

(1)  Temperature  Measurements  and  Correlation  with  luminous  Intensity  -  For  most 
of  the  plumes  shown  in  figure  46,  page  101,  the  point  of  maximum  luminous  inten¬ 
sity  is  approximately  3  inches  from  the  buralig  face  of  the  flare  along  the 
flare  centerline.  The  temperature  as  measured  by  thermocouple  for  all  flares 
at  this  three  inch  point  varied  from  approximately  2200  to  ZfOOPF  (figures  22, 
23,  and  24,  pages  30,  51#  52.)  Only  for  AeReCo  808  flares  was  this  the  point 
of  maximum  temperature.  That  the  maximum  luminous  Intensity  point  does  not 
necessarily  o^cur  at  the  point  of  maximum  average  temperature  may  possibly  be 
explained  by  the  results  reported  in  Table  V.  page  79,  in  which  maximum 
temperatures  of  2700  to  2900°K  (4400  to  4760°F)  at  wavelei^ths  of  5800  to 
6000  A  were  detected  by  spectrometer.  The  existence  of  these  temperatures 
within  the  plume  which  are  so  high  above  the  computed  equilibrium  temperature 
indicates  continued  sporadic  combustion  of  magnesium  throughout  the  plume. 
Inasmuch  as  the  thermocouple  temperature  measurements  were  made  within  a  chamber 
in  which  there  was  only  nitrogen  or  argon,  whereas  the  isolation  from  air  was 
not  so  complete  with  the  Ordnance  Research  and  University  of  Minnesota  exper¬ 
iments,  comparisons  of  luminous  intensity  with  temperature  away  from  the  max¬ 
imum  luminous  intensity  point  are  less  meaningful  than  near  it.  The  fact  that 
at  Ordnance  Research  the  flares  were  burned  in  a  downward  facing  position  where¬ 
as  the  thermocouple  measurements  were  made  with  flares  burning  in  an  upward 
facing  position  probably  makes  little  difference  near  the  maximum  luminous 
intensity  point  in  view  of  the  apparent  constancy  of  that  position  with  varying 
flare  compositions. 
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If  for  the  upward  facing  flares,  particles  of  magnesium  were  ejected  as 
they  were  with  the  downward  facing  flares  as  described  in  SECTION  IV,  a  large 
amount  of  sodium  nitrate  must  have  also  been  ejected  at  least  for  flares  with 
60  and  68  percent  magnesium.  This  statement  is  based  on  the  fact  that  the  max¬ 
imum  temperatures  as  measured  by  thermocouple  were  In  such  close  agreement  with 
the  computed  equilibrium  temperatures. 

The  sodium  nitrate,  with  its  low  decomposition  temperature  (7l6°F),  would 
rapidly  decompose  in  the  plume  and  react  with  the  surrounding  magnesium  vapor 
which  is  greatly  in  excess.  This  could  account  for  the  high  temperatures  observed 
by  spectrometer  and  may  also  explain  the  higher  illumination  intensity  with  the 
large  magnesium  excess.  Further  discussion  of  this  effect  is  provided  in  the  next 
subsection  on  analysis  of  particle  behavior. 

(2)  Analysis  of  Particle  Behavior  in  the  Plume  -  As  conjectured  in  the  previous 
section,  the  ejection  of  particles  of  magnesium  into  the  plume  may  be  accompanied 
by  substantial  amounts  of  sodium  nitrate.  It  can  be  logically  supposed  that  the 
magnesium  particle  leaves  the  flare  surface  coated  with  molten  sodium  nitrate 
which  upon  evaporating  and  decomposing  cools  the  magnesium  particle  and  reacts 
more  readily  with  the  surrounding  magnesium  vapor  than  with  the  solid  particle. 
The  foregoing  analysis  is  based  upon  the  assumption  that  adequate  melting  of  the 
sodium  nitrate  (melting  point  584^F)  and  binder  at  the  flare  surface  occurs  to 
allow  the  particles  of  solid  magnesiim  (melting  point  1204°F)  to  float  in  the 
liquid  sodium  nitrate  in  the  case  of  upward  burning  flares.  In  the  case  of  down¬ 
ward  buraiig  flares,  particles  of  magnesium  probably  would  tend  to  fall  but  may 
be  held  to  some  extent  by  surface  tension.  Thus,  the  slxe  and  quantity  of  the 
magnesium  particles  as  well  as  the  orientation  of  the  flares  would  have  a  signif¬ 
icant  effect  upon  flare  performance.  It  is  probable  that  seme  of  the  larger 
magnesium  particles  are  forcefully  unseated  by  the  melting  and  decomposition  of 
confined  sodium  nitrate  and  binder  in  which  the  particles  are  embedded. 

If  the  foregoing  analysis  is  correct  the  probability  of  the  computed  equili¬ 
brium  temperature  equalling  that  measured  by  thermocouple  in  the  plume  of  a  down¬ 
ward  burning  flare  is  lower  than  for  an  upward  burning  flare.  This  is  an  area 
which  requires  further  investigation  as  it  may  hold  the  key  to  particle  size 
selection  as  well  as  a  clear  understanding  of  the  combustion  mechanisms. 

(3)  Effects  of  Magnesium  Particle  Size  -  In  view  of  the  foregoing  analysis  and 
results  discussed! In  SECTION  III  there  is  good  indication  that  the  burning  mech¬ 
anisms  are  such  that  not  only  the  average  size  but  the  combination  of  magnesium 
particle  sizes  may  be  very  important.  Currently,  production  flares  utilize 
granulations  specified  by  MIL  P-l4o67  primarily  Type  I  magnesium,  3O/5O 
nominal  mesh  Size.  The  particle  size  is  nominally  35°  ±  5°  microns.  If  the 
light  producing  mechanism  is  enhanced  by  particles  of  magnesium  being  dispersed 
through  the  plume  then  the  magnesium  particles  serve  at  least  three  functions: 

(1)  initial  combustion  with  oxidizer  to  form  the  basic  plume,  (2)  formation  of 
magnesium  vapor  which  reacts  with  the  oxidizer  as  it  is  dispersed  throughout  the 
plume,  and  (3)  as  carriers  of  the  molten  sodium  nitrate  during  ejection  through 
the  plume.  Th<*se  three  separate  functions  might  most  efficiently  be  carried  out 
by  providing  three  (or  more)  particle  sizes,  one  which  would  control  burning  rate, 
another  formation  of  magnesium  vapor,  and  another  particle  dispersed.  Thus,  the 
30/30  magnesium  which  contains  a  maximum  of  3  percent  of  particles  of  a  size  less 
than  149  microns  may  be  inefficient  for  some  functions  which  it  performs.  For 
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example,  if  large  particles  are  required  for  provision  of  highest  illumination 
efficiency  as  is  indicated  by  Table  II  page  57,  and  small  particles  are  required 
for  highest  burn  rate,  then  a  mix  of  35^  micron  and  22  micron  particles  might 
provide  the  desired  burn  rate  and  a  higher  luminous  efficiency.  Indeed,  larger 
average  particle  size  than  350  microns  in  combination  with  the  22  micron  particles 
could  prove  even  more  effective.  If  the  oxidizer  melts  on  the  burning  surface 
of  the  flare,  it  can  be  assumed  that  oxidizer  particle  size  would  not  greatly 
affect  flare  performance.  This  assumption  is  given  some  support  by  the  results 
of  tests  reported  in  reference  1  of  this  part  of  the  report.  These  results  show 
that  increasing  sodium  perchlorate  particle  size  from  100/200  mesh  to  325  mesh 
did  not  change  flare  bum  rate  or  performance.  The  results  are  not  conclusive, 
however,  because  of  the  partial  solubility  of  the  sodium  perchlorate  in  the 
binder.  With  perchlorates,  large  particles  of  aluminum  may  prove  effective. 

A  second  factor  to  consider  with  regard  to  the  results  shown  in  reference  1 
is  that  best  luminous  efficiencies  were  obtained  with  a  one  to  one  ratio  of  mag¬ 
nesium  and  oxidizer.  This  may  have  resulted  from  the  magnesium  particle  size 
chosen,  which  was  limited  to  a  maximum  of  200  microns.  In  Table  II,  page  57, 
particle  size  did  not  appear  to  be  a  factor  between  performances  of  .62  and  1.35 
inch  diameter  flares  for  particle  sizes  at  or  below  200  microns.  Further,  it  is 
noted  that  with  a  350  micron  average  particle  size  in  Table VI,  page  99,  the  max¬ 
imum  luminous  efficiency  was  57*^00  candleseconds  per  gram  for  a  one  inch  pressed 
flare  with  68  percent  magnesium.  This  luminous  efficiency  was  determined  with 
the  same  EQ&G  580  radiometer  system  that  was  used  to  measure  the  luminous  effi¬ 
ciencies  of  the  3*2  and  4.0  inch  diameter  flares  of  reference  1  and  for  which  the 
maximum  luminous  efficiencies  were  lower  (51,000  candleseconds  per  gram. )  On  the 
basin  of  a  68  percent  magnesium  pressed  flare  and  comparisons  of  data  in  figures 
IS  and  19,  pages  43  ana  45#  at  4000°F  the  maximum  luminous  efficiency  for  the  cast 
flare  could  occur  with  a  48  percent  magnesium,  37  percent  oxidizer,  and  15 
percent  binder  ratio  if  MIL  P-l4o67>  3^/50  magnesium  particle  size  were  used. 

This,  of  course,  is  based  on  the  assumption  that  the  particle  ejection  mechanism 
theory  is  correct.  It  should  be  noted  that  the  burn  rates  of  the  cast  flares 
are  in  the  4  to  5  inch  per  minute  range  which  is  approximately  the  same  as  that 
for  the  68  percent  pressed  magnesium  flares  of  30/50  particle  size.  The  amount 
of  magnesium  gas  in  the  plume  is  only  slightly  less  for  the  cast  flare  than  for 
the  pressed  flare,  but  it  has  not  been  determined  if  the  velocities  in  the  two 
plumes  are  similar.  Perhaps  clues  to  the  effects  of  particle  sizes  can  be 
obtained  by  considering  the  velocities  of  particles  within  the  plume. 

(4)  Effect  of  Velocities  of  Particles  Within  the  Plume  -  It  is  indicated  by  the 
results  of  computations  using  the  mathematical  model  in  SECTION  II  that  residence 
time  (which  is  a  measure  of  velocity)  of  a  particle  at  least  within  a  radius  of 
one  half  of  the  flare  diameter  in  the  plume  is  not  greatly  affected  by  fall  rate. 
Experimentally  this  appears  to  be  true  not  only  with  differing  counter  flows  but 
also  for  flares  with  the  same  magnesium  particle  size  and  varying  percents  of 
magnesium,  an  observation  which  is  based  on  the  constancy  of  the  maximum  luminous 
intensity  position  evident  in  figure  46, page  101  for  all  of  the  conditions  shown. 
There  is  some  indication  that  longer  residence  time,  which  is  assumed  to  be  in 
some  degree  synonymous  with  low  burn  rate,  provides  higher  luminous  efficiency. 
This  is  generally  supported  by  the  results  shown  in  Table  I,  page  56,  and  Table 
II,  page  57,  but  is  not  supported  by  the  results  shown  in  Table  VI,  page  99, 
in  which  the  burn  rate  decreases  with  decreasing  magnesium  content  below  60 
percent  along  with  a  decrease  in  luminous  efficiency.  There  is  indication  in 
Table  II  page  57,  that  higher  velocities  generated  by  thick  walled  casings 


may  have  contributed  to  conditions  in  .62  inch  casing  diameters  which  resulted  in 
the  same  low  luminous  efficiency  with  3 O/50  magnesium  as  was  obtained  with  50/IOO 
magnesium.  As  the  casing  diameter  was  increased  to  I.33  inches,  the  30/50  system 
was  superior  to  the  50/IOO  system.  It  is  assumed  that  the  slower  burn  through  of 
the  thicker  casing  resulted  in  a  rim  which  caused  a  Jet  effect  in  the  .62  inch 
casing,  and  thus  higher  velocities  occurred  in  the  plume.  The  Jet  effect  is  not 
the  only  factor  involved  as  will  be  discussed  in  a  subsequent  section  but  it  is 
clear  that  particle  size  effects  and  study  of  these  effects  will  require  carefully 
controlled  conditions  including  type  and  thickness  of  inhibitor  as  well  as  exact 
sizing  of  particles.  Factors  related  to  the  problems  that  may  be  encountered  in 
simulated  fall  rates  as  well  as  the  surrounding  medium  are  discussed  in  the  fol¬ 
lowing  section. 

-  In  SECTION  II,  it  was  indicated  that 
'ace  should  be  subjected  to  further  study, 
nils  should  be  extended  to  include  evaluation  of  a  rim  simulating  the  casing 
which  produces  the  Jet.  It  is  indicated  in  the  concluding  remarks  of  SECTION  IV, 
page  90,  that  producing  the  Jet  effect  enhances  plume  mixing  with  air,  causing 
lower  flare  efficiency. 

If  this  thesis  is  correct  then  the  lower  luminous  intensities  obtained  with 
nitrogen  as  shown  in  Table  VI,  page  99,  are  readily  explained.  The  flares  burned 
in  air  experienced  no  counter  velocities  (other  than  those  due  to  convection)  as 
the  air  was  not  being  ejected  upward  as  was  the  nitrogen.  One  consequence  of 
increased  mixing  of  the  plume  with  surrounding  air  is  provided  by  comparing  the 
first  four  AeReCo  860  flares  in  figure  46,  page  101 .  Three  of  the  flares  860-1, 
860-2,  and  860-3  were  subjected  to  cross  winds  and  the  resulting  plumes  were 
smaller  than  the  plume  for  the  flare  860-4  for  which  there  was  no  cross  wind.  For 
the  868  and  860  flares  burned  in  nitrogen,  figure  46,  page  101,  it  appears  that 
mixiig  of  air  with  the  nitrogen  in  the  edge  of  the  plume  resulted  in  scattered 
burning  of  magnesium  (and  perhaps  sodium)  in  the  lower  velocity  oxygen- lean  mix¬ 
ture,  with  consequent  broader  plumes  than  those  for  still  air.  The  plumes  for 
the  AeReCo  835  and  845  flares  were  smaller  and  apparently  adequately  enveloped  by 
the  nitrogen  to  prevent  this  broadening.  Tests  of  flares  in  a  still  nitrogen 
atmosphere  as  well  as  in  counterflow  air  and  nitrogen  atmospheres  will  have  to 
be  performed  to  check  the  validity  of  the  foregoing  tentative  explanation.  In 
the  future  the  upward  flowing  columns  of  air  and  nitrogen  should  be  large  enough 
to  preclude  effects  on  the  plume  due  to  mixing  or  slowing  down  of  gases  in  the 
column  due  to  the  surrounding  air.  The  results  of  such  tests  may  be  necessary 
for  optimizing  flare  fall  rate.  For  example,  the  average  luminous  efficiency  for 
all  flares  subjected  to  upward  flowing  nitrogen  was  95  percent  of  those  in  still 
air.  If  a  similar  reduction  should  be  experienced  with  upward  flowing  air,  a  close 
examination  of  fall  rates  is  in  order.  Such  an  examination  should  Include  the 
effect  of  varying  the  flare  diameter.  A  discussion  of  diameter  effects  is  included 
in  the  following  section. 

(6)  Effects  of  Flare  Diameter  Variation  -  It  was  indicated  on  page  31  that  for  a 
given  value  of  time  ratio  at  a  given  point  in  the  flow  field,  the  larger  the 
flare  radius  and  the  lower  the  burning  rate  (equation  15  (c)  page  28)  the  longer 
the  time  that  the  fluid  particle  has  existed  in  the  plume.  It  was  concluded  on 
page  31  that  if  a  longer  time  in  the  plume  results  in  lower  particle  temperature, 
it  can  be  concluded  that  the  luminosity  per  unit  area  of  burning  surface  is  higher 
for  smaller  diameter  flares.  In  Table.mpage  67  it  is  shown  that  radiation 


(5)  Effect  of  Surrounding  Gaseous  Medium 
the  edge  effect  on  the  burning  plume  sur: 


properties  of  a  30  percent  MgO,  10  percent  sodium  mixture  are  such  that  the 
efficacy  of  the  mixture  drops  rapidly  as  the  body  of  gas  thickens.  It  is  also 
shown  that  the  cooling  rate  of  the  mixture  is  more  them  10  times  as  great  at 
3500°K  (584o°F)  as  it  is  at  2000°K  (3l40°F.)  Both  of  these  factors  support  the 
thesis  that  a  longer  particle  residence  time  in  the  plume  reduces  its  luminous 
output,  for  although  the  plume  constituents  may  block  luminous  radiation  they  do 
not  necessarily  block  infrared  radiation  which  plays  a  large  part  in  particle 
cooling.  Thus,  by  the  time  a  particle  has  moved  through  the  optically  thick 
portion  of  the  plume  it  may  have  cooled  to  a  temperature  at  which  it  is  a  much 
less  effective  illuminant  than  it  would  have  been  in  in  an  optically  thin  plume. 
This  analysis  is  based  on  the  assumption  that  the  hot  particle  is  generated 
near  the  flare  surface,  and  that  the  smallest  diameter  flare  would  provide  the 
highest  luminous  efficiency.  It  has  been  demonstrated  that  this  is  not  the  case, 
which  gives  further  support  to  the  assumption  that  oxidizer  is  ejected  into  the 
plume  where  it  burns  with  magnesium  vapor.  It  should  be  emphasized  that  this  in 
no  way  Impairs  the  usefulness  of  the  conclusions  regarding  particle  residence 
time  and  the  results  of  Table  m,  page  67.  However,  it  does  suggest  that  arrival 
at  the  optimum  flare  diameter  will  require  inclusion  of  the  path  length  of  the 
ejected  particles  as  a  contributing  function  and  that  the  originating  point  of 
the  hot  particle  must  be  clearly  defined.  Seme  information  relevant  to  this 
problem  may  be  drawn  from  the  results  shown  in  Table  II,  page  57.  For  thin  cased 
flares  using  22  micron  magnesium,  the  1.33  inch  diameter  flares  were  slightly 
less  efficient  than  the  0.62  inch  diameter  flares.  The  same  is  true  for  the 
flares  in  which  200  micron  magnesium  was  used.  However,  for  the  flares  using 
3^0  micron  magnesium  there  was  a  thirty  percent  increase  in  luminous  efficiency 
in  going  to  the  larger  diameter.  The  size  of  this  change  is  such  as  to  preclude 
the  Jet  effect  and  mixing  as  the  dominant  factors  and  to  suggest  that  an  addi¬ 
tional  light-producing  mechanism  was  introduced  with  the  increased  diameter.  A 
plausible  explanation  is  that  the  ejected  particles  of  oxidizer  left  the  plume 
of  the  0.62  inch  diameter  flare  before  decomposing  sufficiently  to  burn  com¬ 
pletely  with  the  magnesium  vapor  whereas  in  the  1. 33  inch  diameter  flare  there 
was  adequate  time  to  complete  the  process.  Further  tests  to  determine  the  flare 
and  plume  diameter  at  which  the  maximum  rate  of  drop  in  luminous  efficiency 
occurs  might  supply  some  clue  as  to  the  nature  of  the  change  in  mechanisms. 
Luminous  efficiencies  for  varying  diameters  and  magnesium  percentages  are  indi¬ 
cated  in  Table  VI,  page  99#  Table  I,  page  56#  Table  II,  page  57#  and  figure  26, 
page  55.  An  attempt  was  made  to  integrate  all  of  these  results  in  order  to 
provide  greater  comprehensiveness,  but  this  was  not  possible  due  to  differences 
lq  formulations,  processing  methods,  particle  sizes,  inhibitors,  and  light 
measuring  techniques.  This  is  emphasized  by  the  results  of  Table  VI,  page  99, 
in  which  the  luminous  efficiency  (57*400  candleseconds  per  gram)  for  the  68 
percent  magnesium  flare  burned  in  air  exceeds  the  maximum  shown  (46,000  candle- 
seconds  per  gram)  for  the  4. 25  inch  diameter  flare  in  figure  26, page  55.  As 
the  formulations  and  magnesium  particle  sizes  are  identical  the  major  difference 
appears  to  be  in  the  luminosity  measuring  system.  This  does  not  impair  the 
usefulness  of  the  data  derived  from  a  given  system  but  emphasizes  the  precar¬ 
iousness  of  comparing  data  obtained  in  different  experiments  of  this  kind.  With 
this  in  view  an  analysis  of  the  results  using  the  single  system  (from  Douda  et  al 
ref.  4  SECTION  III)  shown  in  figure  26,  page  55#  was  attempted.  As  shown  in  that 
figure,  the  efficiency  of  3O/5O  magnesium  sodium  nitrate.  Laminae  flares 
increases  with  diameter  up  to  approximately  4. 25  inches.  Above  this  diameter 
the  luminous  efficiency  drops  off  rapidly.  For  other  flare  compositions  (see 
figure  9  of  Vo  1.  I.  of  ref.  4,  page  61)the  efficiency  continues  dropping  to  between 
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5000  and.  10,000  candle  seconds  per  gram  depending  upon  the  binder  system  and 
remains  constant  for  diameters  above  approximately  15  inches.  It  is  indicated 
by  these  results  that  the  mechanism  involving  particle  ejection  is  more  effective 
with  increase  in  flare  diameter  to  approximately  four  inches  for  the  30/50  mag¬ 
nesium,  sodium  nitrate.  Laminae  system.  In  plumes  of  flares  of  the  same  compo¬ 
sition  above  that  diameter  the  increasing  optical  thickness  of  the  plume  with 
diameter  causes  an  observed  fall  off  in  luminous  efficiency  until  finally  most 
of  the  illumination  is  provided  by  gray  body  radiation  from  the  luminous  cloud 
of  magnesium  oxide  particles.  It  is  estimated  by  the  theoretical  results  in 
Section  IV  that  extinction  lengths  in  MgO  clouds  are  approximately  10"°  cm  at 
the  D-lines  and  60  cm  away  from  the  D-lines.  With  flares  from  which  a  great 
deal  of  illumination  is  derived  from  D-line  radiation,  this  would  require  that 
oxidation  of  the  magnesium  vapor  and  heating  of  the  sodium  vapor  take  place  on 
the  fringes  of  the  plume.  Thus  it  is  indicated  from  figure  26,  page  55,  that  the 
optimum  path  length  of  the  sodium  nitrate  particles  probably  far  exceeds  two 
inches  for  the  flares  tested.  The  sizes  of  the  plumes  were  not  given  for  these 
tests,  but  based  on  the  results  of  figure  46 ,  page  101,  a  four-inch  diameter  pressed 
flare  would  exhibit  a  plume  on  the  order  of  46  inches  in  diameter,  and  60  inches 
high,  which  places  the  optimum  path  length  of  the  oxidizer  particles  at  approx¬ 
imately  twenty  inches,  a  distance  which  would  require  approximately  one  second 
to  traverse.  Without  experimental  evidence  to  the  contrary  it  is  assumed  at 
this  point  that  unused  sodium  nitrate  escaped  from  the  plume  for  flare  diameters 
below  4.25  inches  and  that  the  optical  thickness  of  the  plume  caused  blockage 
of  a  great  deal  of  the  radiation  for  the  7*35  inch  diameter  flares.  For  cast 
flares  exceeding  15  inches  in  diameter  the  projected  plume  size  would  be  on  the 
order  of  100  inches  in  diameter  by  175  Inches  high  based  on  the  plume  size  shown 
in  figure  49.  The  plume  radius  of  50  inches  exceeds  the  20  inch  optimum  by 
approximately  30  Inches  (76  cm.)  This  exceeds  by  l6  cm  the  optical  path  length 
of  60  cm  as  computed  in  Section  IV.  If  the  foregoing  analysis  is  correct,  it 
explains  why  the  luminous  efficiency  levels  out  above  15  inches  for  cast  flares. 
It  also  demonstrates  that  plume  size  rather  than  flare  diameter  determines  the 
luminous  efficiency.  Therefore,  the  optimum  flare  diameter  will  vary  with  flare 
composition  and  processing  methods.  If  the  ejection  theory  is  correct,  a  study 
of  the  rate  of  rise  and  decline  in  luminous  efficiency  with  varying  diameter  for 
various  magnesium  ratios  and  for  different  particle  size  combinations  may  provide 
the  basis  for  a  more  complete  understanding  of  the  light  producing  mechanisms. 

As  ejection  of  particles  can  be  greatly  affected  by  the  type  and  percentage  of 
binder,  the  merits  of  different  binder  systems  might  also  be  more  easily  evaluated 
by  such  a  study.  Both  the  binder  and  the  inhibitor  (or  casing)  present  problems 
that  have  been  evaluated  to  seme  extent  In  the  past.  Seme  of  the  wo  lit  is  referred 
to  in  Section  III.  The  problems  Involved  are  discussed  briefly  in  the  next  two 
sections. 

(7)  Binder  Formulations  -  With  pressed  flares  the  percent  of  binder  required  is 
approximately  one-fourth  of  that  required  for  casting  because  consolidation  of 
ingredients  depends  upon  both  binder  and  pressure.  However,  production  problems 
anticipated  with  large  flares  using  available  presses  has  led  to  experimentation 
with  casting  of  flares.  The  binders  used  in  both  pressed  and  cast  flares  are 
usually  relatively  low  viscosity  liquids  which  polymerize  upon  adding  chemicals 
that  cross-link  the  binder  molecules.  It  was  pointed  out  herein  that  binders 
which  contain  fluorocarbons  may  be  better  because  they  are  oxidizers.  However, 
it  is  not  known  how  they  will  behave  with  regard  to  ejection  into  the  plume  or 
as  llluminants.  Both  magnesium  and  sodium  fluorides  are  stable  at  high  temper- 


atures  and  their  behavior  as  illuminants  is  not  well  known.  Binders  that  are 
oxygenated  and  also  dissolve  the  oxidizers  have  been  investigated  (refs.  3  and 
4,  page  61 ) ,  but  primary  emphasis  was  placed  upon  physical  integrity  rather 
than  upon  the  effect  upon  burning  mechanisms.  The  results  in  reference  3  show 
rapidly  decreasing  luminous  efficiency  with  increase  in  binder  content.  The 
amount  of  decrease  as  Indicated  by  the  figure  on  page  6  in  reference  3  is  much 
in  excess  of  what  would  be  expected  frcm  the  decrease  in  fuel  and  oxidizer  due 
to  displacement  by  the  binder.  This  could  be  due  to  effects  on  the  ejection 
mechanism.  It  has  already  been  stated  under  the  discussion  of  particle  size 
that  the  luminous  efficiency  might  be  increased  by  introducing  a  larger  average 
magnesium  particle  size.  Just  how  the  increased  binder  content  might  affect 
ejection  and  other  mechanisms  is  not  knot**.  The  effects  of  such  factors  as 
melting  point  of  the  binder  versus  that  of  the  oxidizer,  heat  transfer  coefficient 
of  the  binder,  and  oxidizer  dilution  may  be  significant  and  should  be  evaluated. 

(8)  Casing  Effects  -  The  rim  effect  and  experimental  results  obtained  with 
changing  inhibitor  thickness  have  already  been  mentioned.  However,  there  are 
a  few  additional  remarks  regarding  effects  of  the  easily  upon  performance.  If 
the  formation  of  a  rim  is  beneficial,  for  example,  in  inverted  burning,  then 
the  inhibitor  material  should  be  so  designed  as  to  form  the  optimum  rim  height. 

It  is  conceivable,  however,  that  if  the  rim  were  burned  off  so  as  to  present  a 
rounded  edge,  the  ejection  of  particles  with  a  large  radial  component  outward 
could  occur  which  could  be  highly  beneficial.  There  are  methods  of  designing 
such  inhibitors  such  as  by  the  use  of  metals,  binders  partially  loaded  with 
oxidizer,  or  combinations  of  the  two.  As  previously  indicated  a  theoretical 
evaluation  of  the  flow  around  the  rim  should  be  incorporated  into  the  study  of 
the  edge  effect. 
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SECTION  VII 


SUMMARY  OF  RESULTS 


A  report  has  been  compiled  which  Includes  four  sub-reports  (SECTIONS 
II  through  V),  one  from  each  of  the  principal  Investigating  teams,  and  a 
discussion  of  the  results.  In  SECTION  VI  (DISCUSSION  OF  RESULTS)  the 
nature  of  the  light  producing  mechanism  based  on  work  done  in  the  program 
as  well  as  that  covered  in  the  references  is  discussed.  The  results  may 
be  summarized  as  follows: 

1.  A  mathematical  flow  model  has  been  developed  for  plane  two-dimensional 
Illuminating  flares  dropping  through  the  atmosphere  and  simulating  face 
down  burning.  Numerical  results  are  given  in  field  plots  showing 
streamlines,  velocity  potential  lines,  constant  velocity  lines,  and 
constant  time  lines  for  two-dimensional,  incompressible  flow.  These 
results  show: 

(a)  The  residence  time  of  a  particle  in  the  plume  is  not  significantly 
affected  by  the  fall  rate  of  the  flare. 

(b)  There  is  a  significant  edge  effect  on  flow  at  the  corner  of  the 
flare  which  will  require  further  refinements  of  the  model. 

2.  Thermochemical  calculations  based  on  shifting  equilibrium  were  made 
for  combustion  in  the  flare  plume  over  a  range  of  various  mixture 
ratios.  The  results  are  provided  in  the  form  of  curves  and  tables 
showing  reaction  products,  equilibrium  temperatures,  and  other  thermo¬ 
dynamic  data.  Temperatures  in  plumes  of  one  inch  diameter  flares  were 
measured  by  thermocouple  with  the  following  results: 

*  P 

(a)  The  maximum  temperatures  in  plumes  of  flares  burning  upward  in  a 
nitrogen  atmosphere  containing  60  and  68  percent  magnesium  were 
within  100° F  of  the  computed  equilibrium  temperature. 

(b)  The  temperatures  measured  in  plumes  of  flares  containing  55  percent 
magnesium  were  approximately  1100° F  less  than  computed. 

3.  A  theoretical  evaluation  of  optical  density  in  the  plume  and  experiments 
to  evaluate  optical  density  were  performed.  The  results  are  provided 
in  tables,  photographs  of  plumes,  and  traces  obtained  by  spectrograph. 

The  following  results  were  obtained: 

(a)  Computations  show  that  in  the  flare  plume  the  optical  path  length 
for  MgO  at  a  temperature  of  3000° K  and  concentration  of  30  percent 
is  60  cm  and  for  sodium  at  the  D- lines  is  10'°  cm. 

(b)  Temperatures  determined  from  spectral  data  show  maximum  temperatures 
in  the  plume  of  4400°  F  to  4670° F  at  wavelengths  of  5800  A  to  6000  A. 
(This  was  determined  for  flares  in  which  the  maximum  temperature 
measured  by  thermocouple  was  3500° F.) 


(c)  Particles  ejected  from  the  flare  into  the  flare  plume  result  in 

hot  spots  which  contribute  to  the  visible  radiation. 

4.  Relative  luminous  intensity  distributions  in  the  plumes  of  downward 
burning  flares  were  determined  and  the  results  are  shown  in  terms  of 
relative  intensity  contours,  plots  of  relative  intensity  versus  plume 
area,  and  plots  of  percent  total  intensity  versus  percent  of  plume 
area.  The  following  results  were  observed: 

(a)  The  luminous  intensity  increased  with  increasing  percent  of  magnesium 
from  45  to  68  percent. 

(b)  The  plume  volume  increased  with  increasing  percent  of  magnesium. 

(c)  The  plume  volume  and  luminous  intensity  decreased  when  subjected 

to  cross  winds  or  to  nitrogen  in  counterflow. 

5.  An  analysis  of  overall  results  was  made  utilizing  information  from  the 
literature  as  well  as  that  generated  in  the  program  with  the  following 
tentative  conclusions: 

(a)  Although  the  maximum  measured  temperatures  as  determined  by  thermo* 
couple  for  flares  burning  in  nitrogen  atmospheres  tend  to  agree  with 
the  computed  equilibrium  temperatures  (for  60  percent  magnesium  and 
above)  ejection  of  particles  into  the  plume  results  in  hot  spots 
with  temperatures  approaching  that  for  stoichiometric  burning. 

(b)  The  ejection  mechanism  is  hypothesized  to  depend  upon  melting  of 
sodium  nitrate  at  the  burning  surface  with  ejection  of  magnesium 
particles  coated  with  sodium  nitrate  into  the  plume  where  the 
sodium  nitrate  decomposes  and  reacts  with  the  magnesium  vapor  in 
the  plume,  the  magnesium  particle  size  playing  a  dominant  role. 

(c)  The  residence  time  of  the  particle  in  the  plume  as  shown  by  the 
constancy  of  the  location  of  the  maximum  luminous  intensity  point 
in  the  plume  with  and  without  cross  or  counter  flows  tends  to 
confirm  the  calculations, 

(d)  The  evaporation  and  decomposition  rate  of  the  sodium  nitrate  (with 
subsequent  reaction  with  the  magnesian  vapor)  establishes  the 
optimum  size  of  the  plume.  Thus,  the  optimum  flare  diameter  will 
vary  with  flare  composition.  The  leveling  out  of  luminous  efficiency 
for  cast  flares  above  15  Inches  (approximately  38  cm)  diameter  tends 
to  confirm  the  computed  optical  path  length  of  60  cm  for  magnesium 
oxide. 

(e)  Counter  or  cross  flows,  whether  air  or  nitrogen,  result  in  lower 
luminous  intensity. 

(f)  Binder  formulations  have  a  large  effect  upon  the  ejection  mechanism, 
and  therefore,  luminous  efficiency. 

(g)  The  casing  or  inhibitor  material  and  thickness  can  have  a  large 
effect  on  flare  performance. 
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SECTION  VIII 


AREAS  FOR  FURTHER  EXPLORATORY  DEVELOPMENT 


As  previously  stated,  most,  if  not  all,  of  the  relevant  variables  have 

been  identified  in  the  first  phase  of  the  program.  To  provide  more  definitive 

information  about  these  variables,  the  following  recommendations  are  made: 

1.  The  mathematical  model  should  be  modified  to  include  more  detailed 
information  about  the  flow  pattern  it  the  edge  or  corner  of  the  burning 
flare  surface  including  the  rim  which  is  left  by  the  flare  casing  or 
inhibitor. 

2.  The  computations  for  the  mathematical  model  should  be  expanded  to  Include 
density  variations,  heat  exchange  in  turbulent  mixing  of  the  plume  gases 
with  air  cooling  of  the  flare  plume  due  to  heat  radiation,  and  enthalpy 
distribution. 

3.  Temperature  measurements  with  thermocouples  should  be  made  in  magnesium- 
sodium  nitrate  flares  up  to  at  least  four  Inches  in  diameter.  These  flares 
should  incorporate  a  range  of  magnesium  particle  sizes. 

4.  A  study  of  particle  history  should  be  made  from  the  time  the  particle 
begins  to  heat  up  on  the  flare  surface  until  it  leaves  the  plume.  This 
would  Include  movies  of  action  on  the  flare  surface,  movies  of  the  plume, 
and  spectroscopic  measurements  for  flares  having  both  small  particles 
alone  and  a  mixture  of  small  and  large  magnesium  particle  sizes.  The 
spectroscopic  measurements  in  this  case  should  be  primarily  concerned 
with  absorption  broadening  and  techniques  of  derivation  of  temperature 
from  sodium  doublet  broadening. 

5.  Luminosity  distribution  in  plumes  of  one  inch  diameter  flares  in  still 
air  and  nitrogen  as  well  as  in  counter  flow  air  and  nitrogen  should  be 
obtained  for  flares  containing  both  small  and  a  mixture  of  small  and 
large  magnesium  particle  sizes.  Luminous  distribution  should  also  be 
obtained  in  plumes  of  flares  up  to  at  least  four  Inches  in  diameter  in 
still  air. 

6.  Spectral  distribution  in  the  plume  should  be  determined  by  means  of  a 
scanning  spectrometer.  This  would  provide  identification  of  the  chemical 
species  and  possibly  their  temperature  in  direct  association  with  their 
luminous  Intensity. 
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APPENDIX  I 
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LIST  OF  ABBREVIATIONS  AND  SYMBOLS  FOR  SECTION  II 


A  complex  constant,  Eq.  (3a) 

A}  real  constant,  Eq.  (6e) 

A2  constant,  Eq.  (7a) 


A,  B,  C,  D,  E 
F,  G,  GG,  H,  I 

a,  b,  c,  «  .  « 


B 

B. 


A. 

K 

n»tU) 

m_(x) 


P 

P 

pa 

pt 

q  or  Q 

q* 

R 


j  parameters,  Eq.  (lOg) 

locations  In  ascending  order  on  £-axis  of  t-plane,  corresponding 
to  vertices  of  polygon  In  z-plane.  Fig.  8 

complex  constant,  Eq.  (3a) 

constant,  Eq.  (6f) 

constant „  Eq.  (6f) 

Imaginary, 

drop  rate  parameter,  Eq.  (12u) 

local  strength  of  point  source  distribution  along  burning  face  of 
flare  In  t-plane,  Eq.  (6b) 

local  strength  of  point  source  distribution  along  burning  face  of 
flare  In  z-plane,  Eq.  (6c) 

static  pressure  parameter  (dimensionless),  Eq.  (13c) 
local  static  pressure  (dimensional) 
atmospheric  static  pressure  (dimensional) 
total  pressure  (dimensional) 

dimensionless  velocity  relative  to  flare,  expressed  In  units  of 
vg,  Eq.  (2a)  and  Fig.  3 

velocity  relative  to  flare  (dimensional) 

radius  parameter,  Eq.  (5c) 
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r*  radius,  or  half-width,  of  flare  (dimensional) 

s  distance  along  streamline  from  burning  face  of  flare  (dimension¬ 

less),  expressed  in  units  of  r* 

s*  distance  along  streamline  (dimensional) 

t  location  in  transformed  t-plane,  Eq.  (4)  and  Fig.  4 

t  time 

u  dimensionless  velocity  component  in  direction  of  abscissa 

(x-direction)  ,  expressed  in  units  of  v*,  Fig.  3 

v  dimensionless  velocity  component  in  direction  of  ordinate 

(y-direction)  ,  expressed  in  units  of  v*,  Fig.  3 

v*  velocity  component  normal  to  burning  face  of  flare  (dimensional) 

v*  drop  rate  of  flare  (dimensional) 

v**  "effective"  drop  rate  of  flare  (dimensional),  Eq.  (12a) 

v*L  burning  rate  of  solid  flare  material  (dimensional),  Eq.  (12c) 

w  complex  potential,  Eq.  (1) 

x  dimensionless  abscissa  in  physical  z-plane,  expressed  in  units  of 

r*.  Fig.  2 

y  dimensionless  ordinate  in  physical  z-plane,  expressed  in  units  of 

r*.  Fig.  2 

y0  location  of  stagnation  point  (of  plume)  on  y-axis,  Eq.  (14b) 

z  dimensionless  location  in  physical  z-plane,  expressed  in  units 

of  r*,  Eq.  (4)  and  Fig.  2 

Greek  symbols: 

a  flow  direction  measured  counterclockwise  from  positive  x-axis 

in  physical  z-plane,  Eq.  (2b)  and  Fig.  3 

a,  6,  y,  .  .  .  deflection  angles  of  polygon  in  z-plane.  Fig.  8 

8  angle  parameter,  Eq.  (6j) 

change  in 

n  ordinate  in  t-plane,  Fig.  4 

0  angle  parameter,  Eq.  (5d) 

£  abscissa  in  t-plane.  Fig.  4 
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pair 

PFL 

Pgas 

T 

* 

tp 


weight  density  (constant)  of  air,  Eq.  (12a) 
weight  density  of  solid  flare  material,  Eq.  (12c) 
weight  density  (constant)  of  plume,  Eq.  (12a) 
dimensionless  time  parameter,  Eq.  (15c) 
velocity  potential  function  (equals  *) 
stream  function 


Subscripts : 

°  stagnation  point 

1  continuous  distribution  of  point  sources  along  burning  face  of 
flare 

2  "approach"  flow  in  t-plane,  corresponding  to  drop  rate  of  flare 
in  physical  z-plane,  Eq.  (7a) 

Superscripts : 

(  )*  dimensional  quantity,  when  applied  to  velocities  and  to  linear 

distances 
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To  solve  Integral  equation  (6e)  for  w^,  first  differentiate  under  the 
integral  sign  with  respect  to  t.  Thus, 

r+1 

dwi  /1-S^  d(  (11 

dt  "  *1  t-5 

-1 

Equation  (II-l)  then  integrates  to  give 

dwi  “  A  (t-Zt^-l)  (II 

dt  1 

And,  from  equation  (II— 2) , 

wj  •  Aj^  (t-Vt2'-l)  dt  +  constant 


wj  ■  |l  t2  -t/t’^-1  +  In  (t  +/tz-l) 


+  +  1  v  (6f 


where  (B.  +  4.  B,)  is  a  complex  constant  of  integration,  to  be  determined  later 
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COMPUTER  PROGRAM  FOR  WO- DIMENSIONAL-FLARE- PLUME  FLOW  MODEL 

by  Edvard  J.  Davis 


Dlls  program  was  written  in  the  FORTRAN  IV  E  level  language  for  the  IBM 
System  360  Model  50  digital  computer.  To  insure  compatibility  with  all 
FORTRAN  compilers,  no  special  features  of  higher  level  compilers  (logical 
IF  statements,  etc.)  were  used.  The  program  occupies  approximately  9000 
bytes  of  core  storage,  and  utilizes  the  standard  set  of  FORTRAN  supplied 
mathematical  subprograms. 

Execution  time  varies  directly  with  number  of  input  variables.  On  the  IBM 
System  360  Model  50,  a  typical  case  requires  fifteen  minutes.  The  program 
is  designed  to  operate  in  a  "load  and  go"  mode.  No  special  operating 
procedures  are  necessary;  the  input  data  cards  are  simply  appended  to  the 
FORTRAN  source  deck. 


INPUT  FORMAT 
Card  Columns 


Card 

1  -  5 

6-10 

11  -  15 

I 

Number  of  Xi's 

Number  of  Eta's 

Number  of  K's 

No  decimal  point  -  right  justified 

1  -  10  11  -20  21  -30  31  -40  41  ■ 

-  50  51  -60  61  -  70  71  -80 

II -in 

K  values 

The  number  of  K's,  Eta's  and  Xi's  must  equal  that  input  on 

Card  I  (Use  CARD  III  only  when  necessary.) 

IV-VI 

Xi  values 

These  variables  must  occupy  consecutive  fields  but  not  all  the 

fields  or  columns  have  to  be  used.  Each  variable  must  contain 

VII -IX 

Eta  values 

a  decimal  point. 

A  typical  set  of  card  input  is  shown  on  the  following  pages. 
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0.2  0.4  0.6 


LEVEL:  1JAN66 


IBM  OS/ 36O  BASIC  FORTRAN  IV  (E)  COMPILATION 


r 

NL'MK  =  OF  fk(LJ 

r 

M  r  NUk'FFP  OF  X  I  (  J  1 

c 

N  =  VU^IEF  OF  E  T  A  (  K  1 

S.OOOl 

H  MF  NS  l  ON  XI  (5001  »ETA(500)»iKM01 

S.0002 

REAI)(5,10C»M.N,NI)MK 

S.OOOl 

too 

F  OP MAT  1 11 5 1 

S.0004 

RFAQ(  5 . 1 003  M  t«<L)  ,L  =  1,KIMK» 

s.ooos 

1003 

FOPMATf 8F10.4I 

S.0006 

RE AO ( 5  « 1 01 1 ( X I < J  J , J*1,M) 

S.0007 

101 

FORMATl HF10.4I 

S.0008 

RF  Ai)(  5  »  102  1  C  c  T A  <  K  l  » K*  l » M 

s.ooos 

102 

F0PMAT(8F10,4I 

S.OOIO 

00  1004  L  -  1,  NUMK 

S.OOll 

R»ITE{6.8?3I 

S.0012 

821 

FORMAT(  '1' ,T6, 'PLANE,  WO- DIMENSIONAL,  ISOTHERMAL 

FLARES  WITH',  1T53,* CONSTANT  DROP  RATES') 

S.0013 

RRITE(6,8241fK(LI 

$.0014 

824 

FORMAT!  'O'  •  T  6 1  *  K  =  '  ,T  10 ,  F  1 0. 1 1 

S.0015 

WRITEC6 ,H?6) 

S. 0016 

82  5 

FORMAT(  '0',T6,'XI',T16,'ETA'  .T26, 'X' ,T36, 'Y' ,T46, 'PHI' , 
T56,'psi'  ,it66,  'U'  ,t76,'v*  ,to6,  'Q'  ,196,  'alpha*  ,tio6,  'P' ) 

S.0017 

on  1000  j  =  i*« 

S.0018 

00  1001  K  *  1 #  N 

S.OOll 

ca=2*(xi( ji i*(eta(k)  i 

S.0070 

C B*  1- f  X  1  (  Jl  **2l«-(tTA(K  !*♦?> 

S. 002 1 

CI*(XIC J»**2I-(ETA(KI**2> 

C 

CALCULATE  R 

S.0022 

R  =  S0UUCB**?IMCA**2M 

C 

CALCULATE  THETA 

S.0021 

IFIETAIK1M07.108.107 

$.0024 

107 

I  F  C  X  I C  J)  I10<}.11?,109 

S.0025 

100 

Z  Z7  =  ( -( A ) ZCB 

S.0026 

THET  A= A  T  AM  7  7  Z  1 

S.C027 

IFUHFTAM16.116.117 

S.002P 

117 

THETA*THETA-3.1416 

S.0029 

C,0  TO  116 

S. 0030 

108 

I F  (  X  I  f  J)  Mil. 112.  Ill 

s.ooii 

112 

THETA=0.0 

S.0032 

GO  TO  116 

S.0033 

111 

)0*XI( Jl-1. 

S.0034 

IF(DO) 114, 114,115 

S.0035 

114 

THETA*0 .0 

S.00 J6 

GO  Tfl  116 

S.00  37 

115 

THETA*-3.l4i6 

$.0038 

116 

ZP- THETA/?. 

S .00  30 

CC*(XU  JM*lCnS(7PM 

S.0C40 

C0=(  ETA  ( K  1  1  * (  S I  N(  ZPM 

S.0041 

CE®( SOFT ( P 1 1  * ( S I N ( ZP 1  1 

S.0042 

GF*( S0PT(R1 l*(COS( 7P)  1 

S.0043 

CG*( ETA(K) ) * ( COS (  ZP1  1 

S. 0044 

CH*UHJM*ISIN(  ZPM 

C 

CALCULATE  X 

S, 0045 

XC* C  (  X  I C  J) >+CE>/(  l-ETAIKI  H-CFI 

S. 0046 

XA=AT  AN( XC 1 

S.0047 

IFIXAI 118,119, 1 19 

$•0040 

118 

XA=XA*3.1416 

S.0049 

119 

XB=  (  SQRT(K)  IMCC-CDI 

S.0050 

X*(  *6366)  *(  XB+XA I 

C 

CALCULATE  Y 

S.0051 

YAM  ( (  -ET A( K 1  l-*-CF|9t^2  f  (  XI(JI  1  »CE 1 **2 1 

S.0052 

YRM 1 • / 2 • l*(ALOG(YA) ) 

S.0053 

YC*SQRT(R|*(CG*CHl 

S.0054 

YM.6366IMYC-YSI 

c 

CALCULATE  SETA 

S.0055 

!F(ETA(KI 1 120,121.120 

S.0056 

120 

IF(XI(Jlli23,l24«123 

S.0057 

123 

FBM(XI(JI**2I-CETA(KI**2I-1»I 

S.0058 

Z A=C A/FB 

S.0059 

3ETA*ATAN(ZA« 

S.0060 

IF(BETA»129.128, 128 

S.0061 

129 

0ETA*BETA*3»1416 

S.0062 

GO  TO  128 

$•0063 

121 

(F(X!(JI 1125.124.125 

S.0064 

124 

BETA*3* 1416 

S.0065 

GO  TO  128 

S. 0066 

125 

FA*XI ( J 1  —  1  • 

5,0067 

IF(FA» 126,126,127 

S.0060 

126 

SETA*3« 1416 

S.0069 

GO  TO  128 

S.0070 

127 

8ETA-0.0 

S.0071 

128 

ZK*BETA/2. 

S.0072 

CJMXIf  J)l*(COS(ZKll 

S.0073 

CKMETA(KH*(SINIZKlt 

S.0074 

CLM  SORT (Rll*(CQS(ZKJ  I 

S.0075 

CM*( SORT ( R I )*(SIN(ZKI 1 

S.0076 

CNMETA(KII*(C0S(ZK»1 

$.0077 

COMXHJI  l*(SINC  ZK  II 

C 

CALCULATE  CHI 

S.0078 

CHI  AM SORT  <  R 1  1  * ( C J-CK  1 

S.0079 

CHIB*SORT(  ( (XI  <  JIKLI**2IM(ETA(KI*CM»**2II 

s.ooao 

CHIC*AL0G!CHIBI 

$•0081 

CH!M(,6366|*(CI-CHIA«-CHIC)  )M $K ( L 1 *,6366*C 1  1 

C 

CALCULATE  PSI 

S.0082 

ZBMETA(KI*CM|/<XI(JM-CLI 

S.0083 

PSIA«ATAN(ZBI 

S«0084 

PSIBMSQRTIRI !*(CN*CQ> 

S.0085 

PSI*  (  (  ,6366  I*(CA-PSIB*PSIA)  >  ♦  C  SK  <  L  I**  6366*C A 1 

$•0086 

AMCB**2IMCA**2I 

C 

S*D(RI/0(XI 1 

S.0087 

BA»2.*Xl(J|*((XI (J)**2)-N 1 

$•0088 

SB*2,*XI(J|*(ETA<K 1**21 

S.0089 

B*( 1 • /SORT( A) I *( BA  +  SB  1 

C 

C*D( R 1 /D( ETA  1 

$•0090 

CAA»2.*ETA(KI*( l .♦( ETA ( K 1**21 1 

S.0091 

CAB«2,*(XI(JI**2!*ETA(K| 

S*0092 

C*( l. /SORT ( A 1 1 *( CAA+CAB) 

C 

CALCULATE  0(THETAI/0( XI I 

OA*l.*(XK  J  1**2  I  META  (K  1**21 


S.0093 


S.0094 


0*<  l./A»*f  ( -2. )*( ETA( K)  »*DA) 


C 

CALCULATE  Of  THETA  1 /0( ETA  1 

S.0095 

EA*l.-lXI! J»**2I-(ETA!K)**2I 

S • 0096 

6* ( 1  •  /A » *(  f-2.)*(XI<  J )  !*E A  1 

S.0097 

.'«((  f-ETA(KH*CF|**2|4(  (f  Xlf  J|»*CEI**2» 

S. 0098 

G*CF«-(< l./FI*(<-ETA(K»l*CF>  1 

S. 0099 

GG*CE-f!l./F)*UXIIJ»  IKEI  1 

S.0100 

H*<CC-CD)-( ( l./F )*ICC*CP> 1 

S.0101 

4 1* ( CG+CHl -(  I i./F)*(f-CGI*CH*(S0RT(RI 1 1 » 

C 

CALCULATE  OfYI/OfETA) 

S.0102 

SLA*(SQRT(R)/2.I*H*E 

S. 0103 

4LB«I *I*CI/f 2.*S0RTC  R  » » 

S.0104 

SL*( .63661*! G*$LA+SLB J 

C 

CALCULATE  0<  Y )/0( X I » 

S.0105 

SMA*!S0RT!RI/2.)*H*D 

S. 0106 

4  MB*  !$I*B)/!?.*S<JRT!RJ| 

S.0107 

4M*( • 6 366 1 *! GG*$MA*SMB 1 

C 

CALCULATE  OfXI/OfETAI 

S.0108 

SNA*  !SQRT!RI/2.)*!-ill*!E) 

S.0109 

SNB* ( H*C 1 / f 2.*SQRT ! R ) 1 

S.0110 

SN- f .6366 1  * ( -GG+4NA* SNB 1 

C 

CALCULATE  0(XI/0(XII 

S.Olll 

SA* ( SQRTfP l/2.l*!-SI 1*101 

S.01L2 

SB* ( H*B 1 /( 2. *SORT f  F II 

S.0113 

S*( .6366l*!G*SA«-SBI 

C 

CALCULATE  (Ul  ♦  U2I 

S.0114 

T*fl.2732l*(f(l.*SK(Ln*f  Xlf  JIM-CLI 

C 

CALCULATE  fVi  ♦  V?  1 

S.0115 

H*<  1.2732l*<-(<l.*$KUn*(ETA(Km*CM) 

S.0116 

V*(<  T*SN»-f W*S I 1 /( ( SM*SN)-f SL*S 1 ) 

S.0U7 

U*!f  T*$U-lW*$MH/!!S*SLl-f  $N*SM1  | 

S.01 18 

Q*SORT ( <  U**2 I  ♦( V**2 1 1 

C 

CALCULATE  ALPHA 

S. 01 19 

ZC*V/U 

S.0120 

ALPHAZ*ATAN!ZC) 

S.0121 

ALPHA*ALPHAZ*57.2958 

S.0122 

P*!SK!L)**2)-!Q**2I 

S.0123 

WR!TE(6,826)XI( J) ,ETAf K),X • Y.CHI ,PSI . Ut V.Ot ALPHA, P 

S.0124 

826 

FORMAT!  '0S11F10.4) 

S.0125 

1001 

CONTINUE 

S.0126 

1000 

CONTINUE 

S.0127 

1004 

CONTINUE 

S.0128 

1002 

STOP  99999 

S.0129 

ENO 

STORAGE  MAP  VARIABLES  (TAGS:  C=£OfrMO!',  E«BQUIVAI£NCB) 
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APPENDIX  IV 

LIST  OF  ABBREVIATIONS  AND  SYMBOLS  FOR  SECTION  III 


AE/AT 
CF, IDEAL 
CP,  VAC 

cp,  caV(o)  (k) 

CSTAR 
IFPM 
QAMCA 
ISP, IDEAL 
ISP*RBOB 
ISP ,VAC 
MACH  UMBER 
MOL  WT 
O/F 

PRESS. ,A7M 
PRESS. ,PSIA 
RBO/B 

S,  CAL/(0)  (K) 

T,  DEO  P 

t,  ma  k 


ratio  of  area  at  nozzle  exit  to  nosale  throat  area 
ideal  thrust  coefficient 
thrust  coefficient  in  vacuus 

specific  heat,  calories  per  gras  per  degree  Kelvin 
characteristic  exhaust  velocity,  feet  per  second 
tetraflnoroethylene 

lsentroplc  exponent,  (<^ln  P/^ln  RB0)s 

ideal  specific  impulse,  (Xb  force)  (sec)(lb  aass) 

product  of  ISP, IDEAL  end  RHO/B 

specific  impulse  in  vacuus 

ratio  of  velocity  to  speed  of  sound 

aolecular  weight  of  products 

oxidizer  to  fuel  ratio 

atmospheric  pressure 

pressure,  pounds  per  square  inch,  absolute 
bulk  density  of  combustion  products 
entropy,  calories  per  gram  per  degree  Kelvin 
temperature,  degrees  fahrenhelt 
temperature,  degrees  Kelvin 


n 


APPENDIX  V 


THERMOCHEMICAL  COMPUTATIONS  FOR  MAGNESIUM- 
LAMINAC- SODIUM  NITRATE  FLARE  COMPOSITIONS 


«  BY  MT. 

NANO 3  73.00 
MG  20.00 
LAMINAC  3.00 


ENTHALPY  STATE 
KCAL/MOL 
-111.340  S 

0.0  S 

-74.200  $ 


TEMP  OENSITY 

OEG  K  G/CC 

298.13  2.261000 

298.13  1.740000 

298.19  1.190000 


FUEL 

FUEL 

FUEL 


NA  1.00000 
MG  1.00000 
0  1.77324 


EMPIRICAL  FORMULA 
N  1.00000  0  3.00000 

C  3.46749  H  3.91080 


0/F-  0.0 
DENSITY-  2.0464 


PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. «PSIA 

14.70 

8.49 

14.30 

PRESS. * ATM 

1.00 

0.58 

0.97 

T.  OEG  K 

1934 

1818 

1928 

T,  OEG  F 

3022 

2813 

3011 

S.  CAL/IGHKI 

1.5953 

1.5953 

1.5953 

MOL  MT 

48.671 

48.819 

49.676 

CP.  CAL/IGM  K) 

0.4004 

0.4767 

0.4029 

GAMMA 

1.1401 

1.1287 

1.1397 

MACH  NUMBER 

0.0 

1.000 

0.217 

CSTAR 

2974 

2974 

CF. IDEAL 

0.652 

0.147 

CF.VAC 

1.230 

2.882 

AE/AT 

1.00 

2.81 

ISP. IDEAL 

60.3 

13.5 

I SP*RHOB 

123.4 

27.7 

MOLE  FRACTIONS 

OF  PRODUCTS 

C101(G) 

0.00015 

0.00007 

0.00014 

C102IGI 

0.09487 

0.09516 

0.09489 

H1NA101IGI 

0.10271 

0.10294 

0.10271 

H101(G) 

0.00001 

0.00000 

0.00001 

N101IG) 

0.00257 

0.00179 

0.00252 

N2(G) 

0.15206 

0.15279 

0.15210 

NA1IGI 

0.15383 

0.15361 

0.15385 

NA101IGI 

0.04533 

0.04250 

0.04520 

NA 102(G)  . 

0.00429 

0.00789 

0.00443 

NA2IGI 

0.00027 

0.00021 

0.00027 

01(G) 

0.00013 

0.00006 

0.00013 

02(G) 

0.15792 

0.15651 

0.15789 

MG101IS) 

0.28585 

0.28646 

0.28586 

t  B r  MT. 

ENTHALPY 

STATE  TEMP 

OEMSITY 

KCAL/MOL 

OEG 

K 

G/CC 

NAN03 

70.00 

-111.540 

S  29B. 

15 

2.261000 

MG 

25.00 

0.0 

S  29B. 

15 

1.740000 

L  AM I NAC 

5.00 

-76.200 

S  29B. 

15. 

-l.ifOOOQ 

EMPIRICAL 

FORMULA 

0/F=  0.0 

FUEL 

NA 

1.00000  N 

1.00000 

0  3.00000 

FUEL 

MG 

1.00000 

FUEL 

0 

1.77324  C 

5.46749 

H.  5.91QS0 

DENSITY"1  2.0190 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS*. PSIA 

14.70 

8.56 

14.30 

PRESS. .ATM 

1.00 

0.58 

0.97 

T,  OEG  K 

2726 

2611 

2721 

T.  OEG  F 

4448 

4240 

4437 

S.  CAL/f Gl (K ) 

1.6342 

1.6343 

1.6342 

MOL  WT 

51.S64 

52.216 

51.881 

CP.  CAL/ (Gl( K 1 

0.8075 

0.7504 

0.8047 

GAMMA 

1.1020 

1.1031 

1.1020 

MACH  NUMBER 

0.0 

1.000 

0.219 

CSTAR 

3460 

3460 

CF, IDEAL 

0.642 

0.144 

CF .VAC 

1.224 

2.863 

AE/AT 

1.00 

2.79 

ISP.IOEAL 

69.0 

15.5 

ISP*RHOB 

139.4 

31.3 

MOLE  FRACTIONS 

OF  PROOUCTS 

' 

CIOKG) 

0.01933 

0.01556 

0.01914 

C 102(G) 

0.07329 

0.07740 

0.07349 

HUG) 

0.00002 

0*00060 

0.00081 

H1NAKG) 

0.00004 

0.00002 

0.00004 

H1NA10KG) 

0.07984 

0.08199 

0.07993 

H10KG) 

0.00562 

0.00462 

0.00557 

H2(GI 

0.00026 

0.00020 

0.00026 

H201 ( G) 

0.00664 

0.00643 

0.00663 

MGKGI 

0.00072. 

0*00039 

Q. 00070 

MGIOI(G) 

0.00074 

0.00041 

0.00072 

NiOl(G) 

0.01037 

0.00879 

0.01029 

N 102(G) 

0.00001 

0.00000 

0.00001 

N2(  G) 

0.13431 

0.13563 

0.13437 

NA1(G) 

0.18146 

0.18284 

0.18156 

NA 101 ( G)  _ 

_ 0*01X42, 

0*01204. 

.0*01730, 

NA102IG) 

0.00003 

0.00003 

0.00003 

NA2IG) 

0.00009 

0.00006 

0.00009 

01(G) 

0.01077 

0.00859 

0.01066 

02(G) 

0.11144 

0.11262 

0.11150 

MG10KS) 

0.34679 

0.34876 

0.34689 
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t  BY  WT.  ENTHALPY  STATE  TEMP  DENSITY 
KCAL/MOL  DEG  K  G/CC 

NAN03  65.00  -111.560  S  298.15  2.261000 

"<*  30.00  0.0  S  298.15  1.760000 

LAMfNAC  5.00  -76.200  S  298.15  1.190000 

EMPIAICAL  FORMULA 

FUEL  NA  1.00000  N  1.00000  0  3.00000  0/F®  0.0 

FUEL  MG  1.00000 

FUEL  0  1.77326  C  5.66769  H  5.91080  DENSITY®  1.9924 


PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. . PSIA 

16.70 

8.61 

16.30 

PRESS.. ATM 

1.00 

0.59 

0.97 

T.  OEG  K 

3012 

2916 

3007 

T,  OEG  F 

6962 

4786 

6953 

S.  CAL/CGMK) 

1.6636 

1.6635 

1.6635 

MOL  MT 

52.331 

52.863 

52.356 

CP.  CAL/tGMKI 

2.1898 

2.0511 

2.1862 

GAMMA 

1.0887 

1.0876 

1.0887 

MACH  NUMBER 

0.0 

1.000 

0.216 

CSTAR 

3637 

3637 

CF, IDEAL 

0.637 

0.161 

CF  .VAC 

1.222 

2.906 

AE/AT 

1.00 

2.86 

ISP, IDEAL 

72.0 

15.9 

ISPPRHOB 

143.6 

31.7 

mole  FRACTIONS 

OF  PROOUCTS 

C101IG) 

0.04511 

0.04281 

0.04500 

C102IGI 

0.06401 

0.04646 

0.04412 

MIIGI 

0.00574 

0.00550 

0.00573 

H1MGIIGI 

0.00002 

0.00001 

0.00002 

H1MG101IG) 

0.00003 

0.00002 

0.00003 

HINA  1(G) 

0.00012 

0.00009 

0.00012 

H1NA10KGI 

0.04441 

0.04302 

0.04432 

H10KG) 

0.01409 

0.01351 

0.01407 

H2CG) 

0.00198 

0.00199 

0.00198 

H 201(G) 

0.01398 

0.01520 

0.01405 

MGKGI 

0.01689 

0.01423 

0.01677 

MG10KG) 

0.00802 

0.00624 

0.00793 

N10KGI 

0.01122 

0.01001 

0.01116 

N2(G) 

0.11902 

0.11985 

0.11906 

NAl(G) 

0.19275 

0.19646 

0.19295 

NA101IGI 

0.01184 

0.01003 

0.01174 

NA102IG) 

0.00001 

0.00001 

0.00001 

NA2(G) 

0.00008 

0.00005 

0.00008 

01(G) 

0.02425 

0.02244 

0.02417 

02(G) 

0,06931 

0.06979 

0.06934 

MGIOKS) 

0.37712 

0.38230 

0.37736 

'  . .  ■  "  «  ""  1  '«'  m  " 


t  by  nt. 

ENTHALPY 

STATE  TEMP 

OENSITY 

KCAL/NOL 

OEG  K 

G/CC 

NANO) 

60,00 

-111.540 

S  298,15 

2,261000 

NG 

35,00 

0.0 

S  298,15 

1,740000 

LANINAC 

5,00 

-76,200 

S  298,15 

1,190000 

EMPIRICAL 

FORMULA 

FUEL 

NA 

1,00000 

N 

1,00000 

0  3,00000 

o/f=  0.0 

FUEL 

MG 

1,00000 

FUEL 

0 

1.77324 

C 

5,46749 

H  5.91080 

DENSITY*  1.9664 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. ,PSIA 

14.70 

8,62 

14,30 

PRESS., ATM 

1,00 

0,59 

0,97 

T,  OEG  K 

3117 

3024 

3112 

T,  OEG  F 

5152 

4983 

5143 

S,  CAL/IGMKI 

1,6432 

1.6434 

1,6433 

MOL  MT 

51,763 

52,383 

51,793 

CP,  CAL/IGMKI 

4,5451 

4,4473 

4.5413 

GAMMA 

1,0875 

1.0857 

1,0874 

MACH  NUMBER 

0,0 

1,000 

0,221 

CSTAR 

3719 

3719 

CF, IDEAL 

0,637 

0,144 

CF, VAC 

1.224 

2,845 

AE/AT 

1,00 

2,76 

ISP, IDEAL 

73,6 

16,6 

I SP*RHOB 

144.8 

)?•  7 

MOLE  FRACTIONS 

OF  PROOUCTS 

C 101 1 G! 

0,05734 

0,05614 

0,05728 

C102IGI 

0,02978 

0,03106 

0,02985 

HKGI 

0,01092 

0,01095 

0.01092 

HIMGKGI 

0,00010 

0,00007 

0,00010 

H1MG10KG) 

0,00009 

0,00007 

0,00009 

H1NA1IGI 

0,00016 

0.00013 

0,00016 

H1NA101I Gl 

0,02916 

0,02721 

0,02906 

H101IGI 

0,01585 

0,01543 

0,01583 

H2IGI 

0,00390 

0,00403 

0,00391 

H201IGI 

0,01505 

0,01618 

0,01510 

MG1IGI 

0,05682 

0,05319 

0,05664 

MG10KG1 

0,01730 

0.01463 

0,01715 

Nil  Gl 

0.00001 

0,00001 

0,00001 

N 101(G) 

0,00921 

0,00829 

0,00916 

N2IGI 

0,10787 

OdO043 

0,10789 

NA1IG) 

0,18731 

0,19086 

0,18749 

NA101IGI 

0,00819 

0,00687 

0,00812 

NA2IG) 

0,00007 

0,00004 

0,00006 

01(G) 

0,02605 

0,02488 

0,02600 

02(G) 

0,04049 

0,04043 

0,04049 

NGiOllSI 

0,38433 

0.39107 

0,30461 
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t  BY  WT.  ENTHALPY  ST4TE  TEMP  DENSITY 
KCAL/MOL  DEG  K  G/CC 

57.50  -111.540  S  298.15  2.261000 

HG  37.50  0.0  S  298.15  1.740000 

IAMINAC  5.00  -76.200  S  298.15  1.190000 

f MP I R 1  CAL  FORMULA 

FUEL  NA  1.00000  N  1.00000  fl  3.00000  0/F=  0.0 

FUFL  MG  1.00000 

FUEL  0  1.77324  C  5.46749  H  5.91080  DENSITY-  1.9537 


PARAMETERS 

CHAMBER 

throat 

EXIT 

PRESS. ,PSIA 

14.70 

3.63 

14.30 

PRESS. , ATM 

1.00 

0.59 

0.97 

T,  DEO  K 

3142 

3049 

3137 

T,  OEG  F 

5195 

5028 

5186 

s,  cal/igmki 

1.6412 

1.6413 

1.6413 

MOL  MT 

51.284 

51.929 

51.311 

CP*  CAL/(G)(K) 

5.5129 

5.4590 

5.5124 

GAMMA 

1.0880 

1.0861 

1.0879 

MACH  NUMBER 

0.0 

1.000 

0.217 

CSTAR 

3749 

3  749 

CFtlOEAL 

0.637 

0.141 

CF (VAC 

1.224 

2.901 

AE/AT 

1.00 

2.84 

ISP.IJrAL 

74.2 

16.4 

ISP*RHDd 

145.0 

32.1 

MULE  FRACTIONS 

OF  PROOUCTS 

CICKG) 

0.06126 

0.06035 

0.06121 

C 102 ( G) 

0.02509 

0.02608 

0.02514 

HKGI 

0.01313 

0.01325 

0.01314 

HlMGl(G) 

0.00017 

0.00012 

0.00017 

HI MG 101(G) 

0.00012 

0.00009 

0.00012 

MlNAl(G) 

0.00018 

0.00014 

0.00018 

HINA  101(G) 

0.02451 

0.02263 

0.02441 

H101(G) 

0.01537 

0.01495 

0.01536 

H2(GI 

0.00491 

0.00508 

0.00492 

H20KG) 

0.01503 

0.01605 

0.01508 

MGKGI 

0.08217 

0.07843 

0. 08200 

MG10KG) 

0.02055 

0.01763 

0.02040 

NKGI 

0.00001 

0.00001 

0.00001 

N 10 1(G) 

G. 00791 

0.00711 

0.00787 

N2(G) 

0. 10288 

0.10337 

0.10291 

NAl ( G) 

0.18217 

0.18542 

0.18234 

NA10KGI 

C. 006 70 

0.00559 

0.00664 

NA2(G) 

0.00006 

0. 00004 

0.00006 

01(G) 

0.024 Ot 

0.02305 

0.02403 

02(G) 

0.02964 

0.02941 

0.02964 

MG10KS) 

0.38406 

0.39120 

0. 38438 
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3 


LAMINAC 


t  BY  NT*  ENTHALPY  STATE  TEMP  DENSITY 
KCAL/NOL  DEB  K  G/CC 

45*00  0*0  S  248*15  1*740009 

50*00  -111*540  S  248*15  2*241000 

5*00  -74*200  S  2*8.15  1*140000 


FUEL  NG  1*00000 

FUEL  NA  1*00000 

FUEL  0  1*77324 


EMPIRICAL  FORMULA 


1*00000 

5*44744 


9*00000 

5*41080 


0/F-  0.0 


1.9165 


P«ESS*,PSIA 
PRESS* • ATN 
T,  OEG  K 
T,  OEG  F, 

S*  CAL/IGMK) 


1*00 

3147 

5205 

l*6244t 


0*54 

3053 

5035 

1*6245 


0*47 

3142 

5146 

1*6245 


MOL  WT 

44*342 

50.024 

44*374 

CP,  CAL/IGMKI 

4*5344 

4*4041 

4*5302 

GAMMA 

1*0412 

1*0843 

1*0411 

MACH  NUMBER 

0*0 

1.000 

0*214 

CFtlOEAL 
CFtVAC 
AE/AT 
ISPtlOEAL 
I SP*RH08 


0*638 

1*224 

1*00 

75*8 

145*9 


0*143 

2*872 

2*80 

17*0 

32.5 


HOLE  FRACTIONS  OF  PROOUCTS 


C 101(G) 

C102IG) 

H1(G» _ 

0*06488 
0*01424 
.  C  .  0  L831 

0.06465 

0.01462 

0.01851 

0.06987 

0*01431 

0*01832 

H1MGMGI 

0.00048 

0.00036 

0*00047 

H1MG10KG) 

0.00017 

0.00013 

0*00017 

H1NAKG) 

0.00022 

0*00017 

0*00022 

HINA  10 1  f  G 1 

0.01477 

0*01324 

0*01470 

HlOl(G) 

0.01076 

0*01014 

0*01073 

HJMG) 

0.00915 

0*00456 

0*00917 

H  201(G) 

0.01400 

0.01467 

0*01403 

MGKGI  * 

0.17150 

0.16754 

0*17131 

MG10KG) 

C.02161 

0.01842 

0.02144 

NHGI 

0.00001 

0.00001 

0.00001 

NlOl(G) 

0.00378 

0.00324 

0.00375 

N21GJ  _ 

0^08867 

0.08401 

0.08864 

NAKGI 

0.16300 

0.16534 

0*16312' 

NA101IG) 

0.00304 

0*00245 

0*00300 

NA2(G) 

0.00005 

0.00003 

0.00005 

01(G) 

0.01260 

0.01166 

0.01255 

02(G) 

0.00775 

0.00723 

0.00773 

AG1QU.S1 

Oi  37548. 

0*  38||4 

J)*  37636 
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S  BY  WT. 

ENTHALPY 

KCAL/MOL 

STATE 

TEMP 

OEG  K 

DENSITY 

G/CC 

*G 

50.00 

0.0 

S 

298.13 

1.740000 

NAM03 

45.00 

•111.340 

s 

298.15 

2.261000 

LAMINAC 

5.00 

-76.200 

s 

298.15 

1.190000 

FUEL 

FUEL 

FUEL 


EMPIRICAL  FORMULA 

MG  1.00000 

NA  1.00000  N  1.00000  0  3.00000 
0  1.77324  C_5. 46749  H  5.91080 


0/F*  0.0 
DENSITY-  1.8925 


PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. * PSIA 

14.70 

8.59 

14.30 

PRESS. .ATM 

1.00 

0.58 

0.97 

T .  OEG  K 

3080 

2979 

3075 

T.  OEG  F 

5085 

4902 

5073 

S*  CAL/CGMK) 

1.6167 

1.6168 

1.6167 

MOL  MT 

47.589 

48.227 

47.619 

CP*  CAL/CGHK) 

2.1481 

1.9338 

2.1387 

GAMMA 

1.0963 

1.0952 

1.0963 

MACH  NUMBER 

0.0 

1.000 

0.218 

CSTAR 

3844 

3844 

CF* IDEAL 

0.640 

0.143 

CF*VAC 

1.224 

2.879 

AE/AT 

1.00 

2.81 

ISP* IDEAL 

76.5 

17.1 

I SP4RHQB 

144.8 

32.3 

MOLE  FRACTIONS 

OF  PRODUCTS 

C101IGI 

0.07472 

0.07509 

0.07473 

C102IG) 

0.00773 

0.00743 

0.00772 

HKGI 

0.01964 

0.01954 

0.01964 

H1MG1IGI 

0.00083 

0.00064 

0.00082 

H1MG101I  Gl 

0.00015 

0.00010 

0.00014 

H1NA1IGI 

0.00025 

0.00020 

0.00025 

HINA  1011 G) 

0.00931 

0.00800 

0.00924 

H101IGI 

0 .00548 

0.00470 

0.00544 

H2IGI 

0.01518 

0.01638 

0.01523 

H 201(G) 

0.01156 

0.01164 

0.01157 

MGKGI 

0.23927 

0.23525 

0.23908 

MG10KGI 

0.01361 

0.01066 

0.01346 

N1(G) 

o.ooooi 

0.00000 

0.00001 

NlOl(G) 

0.00135 

0.00104 

0.00133 

N2IGI 

0.07916 

0.07939 

0.07917 

NAMGI 

0. 14886 

0.13072 

0.1 48 W 

NA10K6I 

0.00117 

0.00083 

0.00116 

NA2IG) 

0.00004 

0.00003 

6.06604 

01IGI 

0.00418 

0.00334 

0.00414 

02(G) 

0.00128 

0.00096 

6.00127 

MG10K  S) _ 

0*26622 

0.37402 

t  67  NT.  ENTHALPY  STATE  TEMP  DENSITY 
KCAL/MOL  DEC  K  C/CC 

55*00  0.0  S  2M.I5  1.740000 

40.00  -111.540  S  2*0.15  2*211000 

5.00  -74.200  S  2*8.15  1.1*0000 


EMPIRICAL 

FORMULA 

1.00000 

1.00000 

N 

1.00000 

0 

3.00000 

o 

ii 

o 

• 

o 

1.77324 

C 

5.46749 

H 

5.91060 

PARAMETERS _ 

PRESS. ,PS1A 
PRESS. .ATM 
T,  DEG  K 
T.  OEG  F 
S.  CAL/IGMK) 


CHAMBER _ THROAT  _ EXIT 


14.70 

1.00 

2849 

4668 

1.5975 


8.50 

0.58 

2704 

4407 

1.5975 


14.50 

0.97 

2842 

4655 

1.5975 


MOL  NT  45.079  45.463  45.099 

CP.  CAL/IGMK  I  0.6763  0.5586  0.6702 

GAMMA  1.1217  1.1281  1.1219 

MACH  NUMBER  0.0  1.000  0.219 

S 


CF. IDEAL 

0.652 

0.146 

CF.VAC 

1.230 

2.874 

AE/AT 

1.00 

2.80 

ISP. IDEAL 

76.1 

17.1 

ISP*RH06 

142.3 

32.0 

MOLE  FRACTIONS  OF  PROOUCTS 

C1011GI 

0.07870 

0.07932 

0.07873 

C102IG) 

0.00158 

0.00102 

0.00155 

M1X.GI _ 

_ £*<U34J_ 

0.^1338 

H1MG1IG) 

0.00141 

0.00108 

0.00139 

HIMGIOIIG) 

0.00004 

0.00002 

0.00004 

HINA 1(G) 

0.00030 

0.00023 

0.00030 

HINA  1011  G) 

0.00291 

0.00179 

0.00285 

HlOlfG) 

0.00057 

0.00025 

0.00055 

H2CGI 

0.02989 

0.03337 

0.03005 

H 201(G) 

0.00416 

0.00282 

0.00409 

MG1IG) 

0.31195 

0.30893 

0.31179 

MG101IG) 

0.00222 

0.00102 

0.00215 

N101IGI 

0.00008 

0.00003 

0.00008 

N2IG) 

0.06906 

0.06913 

0.06907 

rniiii  "iisti 

0.13617 

0.13488 

NA101IG) 

0.000 1G 

0.00004 

0.00010 

NA21G) 

0.00004 

0.00003 

0.00004 

01(G) 

0.00016 

0.00005 

0.00015 

021G) 

0.00001 

0.00000 

0.00001 

MG101IS) 

C. 34853 

0.35356 

0.34880 
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*  BY  *T. 


MG 

NAN03 

LAM1NAC 


59.00 

36.00 

5.00 


ENTHALPY  STATE 
KCAL/MOL 
0.0  S 

•111.340  S 

-76.200  S 


TEMP 
DEG  K 
298. 13 
298.15 
298.15 


DENSITY 

G/CC 

1.740000 

2.261000 

1.190000 


EMPIRICAL  FORMULA 

FUEL  MG  1.00000 

FUEL  NA  1.00000  N  1.00000  0  3.0C000 

FUEL  0  1.77324  C  5.46749  H  5.91080 

0/F*  0.0  DENSITY-  1.8508 

PARAMETERS 


CHAMBER 

THROAT 

EXIT 

PRESS. .PSIA 

14.70 

8.30 

14.30 

PRESS. .ATM 

1.00 

0.57 

0.97 

T,  CiG  K 

2284 

2082 

2275 

T.  OEG  F 

3652 

3289 

3635 

S.  CAL/IGMK) 

1.5692 

1.5692 

1 • 5692 

MOL  WT 

41.739 

41.756 

41.740 

CPt  CAL/IGMK) 

0.3028 

0.2936 

0.3021 

GAMMA 

1.1916 

1.1967 

1.1919 

MACH  NUMBER 

0.0 

1.000 

0.211 

CSTAR 

3418 

341 S 

CF.IOEAL 

0.676 

0.149 

CF. VAC 

1.241 

2.949 

AE/AT 

1.00 

2.88 

I SP* IDEAL 

71.8 

15.8 

ISPPRHOB 

133.0 

29.3 

MOLE  FRACTIONS 

OF  PROOUCTS 

ClHlNlfGI 

O.OOOOl 

0.0^505 

0.00002 

CiOllGI 

0.07850 

0.07848 

0.07850 

C102IGI 

O.OOOOl 

0.00000 

0.00001 

H1IG) 

0.00149 

0.00063 

0.00143 

HlMGl(G) 

0.00159 

0.00109 

0.00157 

HlNAl(G) 

0.00026 

0.00018 

0.00025 

H1NA101I Gl 

0.00005 

0.00001 

0.00005 

H2IG) 

0.04070 

0.04147 

0.04075 

H 201(G) 

0.00004 

0.00001 

0.00003 

NGUG) 

0.38343 

0.38386 

0.38345 

MGIOKG) 

0.00001 

0.00000 

0.00000 

N2IG) 

0.06082 

0.06081 

0.06082 

NA1IG) 

0.12119 

0.12135 

0.12120 

NA2IG) 

0.00008 

0.00007 

0.00008 

MG101IS) 

0.31182 

0.31200 

0.31183 

S  BY  MT. 

ENTHALPY 

STATE  TEMP 

KCAL/MOL 

OEG  K 

NO 

60.00 

0.0 

S  298. 15 

NAN03 

55.00 

-111.560 

S  298.15 

LAN1NAC 

5.00 

-76.200 

S  298.15 

EMPIRICAL 

FORMULA 

FUEL  NO 

1.00000 

FUEL  NA 

1.00000  N 

1.00000 

0  3.00000 

FUEL  0 

1.77526  C 

5.66769 

H  5.91080 

0/F 

■  0.0  DENSITY1 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS.  .PSU 

16.70 

B.69 

16.30 

PRESS. .ATM 

1.00 

0.59 

0.97 

T.  OEG  K 

2087 

1916 

2077 

T*  OEC  F 

5296 

2986 

3279 

S,  CAL/ICMK)  1.5577 

1.5577 

1.5577 

MOL  MT 

60.789 

60.865 

60.789 

CP.  CAL/tGMK)  0.2956 

0.3298 

0.2960 

GAMMA 

1.2028 

1.1962 

1.2028 

MACH  NUMBER 

0.0 

0.959 

0.212 

CSTAR 

3505 

3305 

CF, IDEAL 

0.669 

0.150 

CF. VAC 

1.261 

2.926 

AE/AT 

1.00 

2.85 

ISP* IDEAL 

66.7 

15.6 

ISPtRHQB 

123.2 

28.5 

mole  fractions 

OF  PRODUCTS 

ClHINlfGI 

0.00016 

0.00067 

0.00017 

C101CG) 

C.07788 

0.07737 

0.07787 

C2H2IG) 

0.00000 

0.00002 

0.00000 

H1IG) 

0.00068 

0.00019 

0.00066 

HlMGUGI 

0.00150 

0.00106 

0.00168 

H1NAUG) 

0.00023 

0.00016 

0.00022 

H INA 101 1 G) 

C.OOOOl 

0.00000 

0.00001 

H2<G) 

0.06099 

0.06115 

0.06101 

MG1IGI 

0.60275 

0.60282 

0.60277 

N2CG) 

0.05870 

0.05867 

0.05869 

NAMG) 

C. 1 17 10 

0.11726 

0.11711 

NA2IG) 

O.OOOll 

0.00010 

0.00011 

MGiOl(S) 

0.30008 

0.30076 

0.30009 

DENSITY 
C/CC 
I • 74000) 
2*2*1000 
1*190000 


1.8462 


*  BY  WT. 

ENTHALPY 

STATE 

TEMP 

density 

KCAL/MOL 

OEG  K 

G/CC 

*»G 

6i.no 

C.O 

S 

298.15 

1.740000 

NAN03 

32.00 

-111.540 

S 

298.15 

2.261000 

L  AMI NAC 

5.00 

-76.200 

S 

298.15 

1.190000 

EMPIRTCAL 

FORMULA 

FUEL 

MG 

l.OOOf 0 

FUEL 

NA 

l.OGOCO 

N 

1.C0300 

0  1 

.00000 

FUFL 

0 

1.77324 

C 

5-46749 

H  5 

.91080 

0/F*  C.O  DENSITY=  1.8328 


parameters 


CHAMBER 

throat 

EXIT 

press.  ,psnr 

14.70 

8.60 

nr.  30 

PRESS. » ATM 

1.00 

0.59 

0.97 

T,  OEG  K 

1948 

1889 

1945 

T,  DEG  F 

3046 

294C 

1041 

S,  C AL / ( G ) ( K ) 

1.5141 

1.5141 

1.5141 

MOL  WT 

4l.$23~ 

41.772 

41.062 

CP.  C AL / ( G 1 ( K  ) 

6.1885 

5. 8598 

6.1622 

gamma 

l.  IC18 

1.0992 

1.1017 

MACH  NUMBER 

0.0 

l.OOC 

0.224 

CSTAR 

3278 

3278 

CF, IDEAL 

0.643 

0.146 

CF.VAC 

1.229 

2.819 

AE/AT 

1.00 

2.75 

ISP, IOEAL 

65.6 

15.0 

I  SP*RHr'H 

120.1 

27.6 

MOLE  FRACTIONS 

OF  PRODUCTS 

CIHINUGI 

G. 00077 

0.00060 

C.00C76 

C 101 ( G) 

C. 049 84 

O.G4358 

C. 04951 

C2H2I G) 

C.OC002 

0.00002 

O.OOOC2 

HllGI 

C .00019“ 

o.  offers 

G  .  0  0 0 1 8 

H1MGMGI 

C. 00149 

0.00109 

0.00146 

HINA  1 1 G) 

C. 00019 

0.00014 

0.00019 

H  2  f  G  > 

C. 04005 

0.04C36 

0 .04006 

MG1 ( G ) 

C. 43275 

0.42672 

0.43243 

N2IGI 

C. 05234 

0.05240 

C. 05234 

NA1IGI 

C. 1C 5 GO 

OTTOTOT" 

0. 105GT 

NA2IGI 

0.00013 

0.00009 

0.00012 

MGIOI(S) 

C. 29133 

C. 29745 

0.29165 

CHS! 

0.02591 

0.03232 

0.02625 
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9  ST  NT. 

ENTHALPT 

KCAL/MOt 

STATE 

TEMP 

DEG  K 

DENSITY 

s/ee 

MG 

64.00 

0.0 

S 

24 So  15 

1.740000 

NANO) 

Sl.00 

-Ut. 540 

s 

246. t 5 

2.261000 

LAMINAC 

5.00 

-76.200 

s 

248.15 

1.140000 

i 

EMPIRICAL 

FORMULA 

FUEL 

MG 

1.00000 

FUEL 

NA 

1.00000 

N 

1.06000 

0  5.00000 

0 

1.77)24 

C 

5.46744 

H  5.41060  ] 

0/F-  0.0 


PARAMETERS 


DENSITY*  1.8284 


PRESS. » PSI A 

14.70 

8.54 

l.4#J0 

PRESS.. ATM 

1.00 

0.58 

0.97 

T.  OEG  K 

14)7 

1877 

19)4 

T,  OEG  F 

5027 

2414 

5022 

S.  CAL/'.GHKI 

1.4441 

1.4441  . 

1.4991 

MOL  NT 

41.5)1 

42.048 

CP.  CAL/ (GH K 1 

4.4)24 

4.5412 

,*,9660 

GAMMA 

1.1024 

1.1001 

T.  102) 

MACH  NUMBER 

0.0 

1.000 

0.221 

CSTAR 

5254 

1259 

CF.IOCAL 

0.44) 

0.147 

CF .VAC 

1.228 

2.8)2 

AE/AT 

1.00 

2.76 

ISP. IDEAL 

65.1 

14.9 

ISP’RHOB 

114.1 

27.2 

MCiJ.E  FRACTIONS 

OF  PROOUCTS 

C1H1NKG) 

0.00072 

0.00056 

0.00071 

C10UGI 

0.0)882 

0.0)274 

0.0)851 

C2H21GI  _ 

0.00002  0.00001 

0.00002 

Hl(G) 

0.00017 

0.00014 

0.00017 

HlMGlfG 1 

0.00151 

0.00111 

0.00148 

H1NAUGI 

0.00018 

0.00014 

0.00018 

H2IGI 

0.0)480 

0.04011 

0.0)982 

MGllGI 

0.44044 

0.4)464 

0.44014 

N2(  G) 

0.050)8 

0.05044 

0.050)8 

NAHG) 

0.10106 

0.1011) 

0.10106 

NA2IG) 

0.00012 

0.00004 

0.00012 

MG10KS) 

0.24029 

0.24619 

0.29059 

C  ll  SI 

0.0)648 

0.04266 

0.0)680 
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MG 

f  BY  WT • 

65.00 

ENTHALPY 

KCAL/MOL 

0.0 

STATE 

S 

TEMP 
OEG  K 
298.15 

DENSITY 

G/CC 

1.760000 

NAN03 

30.00 

-111.560 

s 

298.15 

2.261000 

L AMI NAC 

5.00 

-76.200 

s 

298.15 

1.190000 

FUEL 

FUEL 

MG 

NA 

FMPIRICAL 

l.OCOCO 

l.OOOCO  N  l.OOOCO 

FORMULA 

0  l.OCOOO 

FUEL 

0 

1.77326  C 

5.66769 

H  5. 

91080 

0/F«  C.O  DENSITY-  1.8239 


parameters 


CHAMBER 

THROAT 

EXIT 

PRESS. » P  S I A 

16.  7o 

5759 

16.30 

PRESS.* ATM 

1.00 

0.58 

0.97 

T*  OEG  K 

1923 

1861 

1920 

T,  OEG  F 

3002 

2890 

2996 

S.  CAL/IGMKI 

1.6838 

1.6838 

1.6838 

MOL  MT 

61.619 

62.337 

61.655 

CP*  CAL/IGMKI 

3.5903 

3.0633 

3.5632 

GAMMA 

1.1036 

1.1019 

1.1035 

MACH  NUMBER 

0.0 

1.000 

0.222 

cstar 

3236 

3236 

CF, IDEAL 

0.666 

0.147 

CF  * VAC 

1.228 

2.834 

AE/AT 

1.00 

2.76 

ISP. IDEAL 

66.7 

16.8 

I SP*RH08 

118.0 

26.9 

MOLE  FRACTIONS 

OF  PRODUCTS 

_ _ 

C1H1N1IGI 

0.00066 

0.00C51 

0.00066 

C 101 f  Gt 

C.02B14 

0.02238 

0.02784 

C2H2IGI 

0.00002 

0.00001 

0.00002 

hTHH 

C. 000 15 

0.00012 

0.00015 

HIMG11G) 

0.00153 

0.00112 

0.00150 

H1NA1IG) 

C. 00017 

0.00013 

0.40017 

H2IGI 

C. 03957 

0.03988 

0.03959 

MG1IGI 

0.64826 

0.44271 

0.44795 

N2IGI 

0.04865 

0.04851 

0.04845 

NA1IGI 

C. 09716 

0.09723 

0.09716 

NA2IGI 

G.00012 

0.00008 

0.00012 

MG101ISI 

0.28907 

0.29470 

0.28936 

C1ISI 

0.04672 

0.05262 

0.04703 

f  BY  WT.  ENTHALPY  STATE  TFMP  OFNSITY 

KCAL/MOL  DEG  K  G/CC 

HG  68.  00  0.0  S  298.15  1.740P00 

NAN03  27.00  -111.540  S  298.15  2.261000 

LAMINAC  5.00  -76.200  S  298.15  1.190000 


EMPIRICAL  FORMULA 

FUEL  MG  1.00000 

FUEL  NA  1.00000  N  1.00000  0  3.00000 

FUEL  0  1.77324  C  5.46749  H  5.91080 

0/F*  0.0  DENSITY*  1.8108 


PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. tPSIA 

14.70 

8.29 

14.30 

PRESS. .ATM 

1.00 

0.56 

0.97 

T.  OEG  K 

1537 

1409 

1531 

T.  OEG  F 

2306 

2077 

2296 

S.  CAL/IGMKI 

1.4112 

1.4112 

1.4112 

MOL  MT 

41.931 

42.063 

41.943 

CP.  CAL/IGMKI 

0.3983 

0.2930 

0.3898 

GAMMA 

1.1697 

1.1995 

1.1713 

MACH  NUMBER 

0.0 

1.000 

0.217 

CSTAR 

2803 

2803 

CF.IOEAL 

0.677 

0.152 

CF. VAC 

1.241 

2.894 

AE/AT 

1.00 

2.82 

ISP, IDEAL 

58.9 

13.2 

ISP«RHOB 

106.7 

23.9 

MOLE  FRACTIONS 

OF  PRODUCTS 

CIH1N1IGI 

0.01714 

0.01564 

0.01708 

C1H4IGI 

0.00003 

0.00006 

0.00003 

C101IGI 

0.00122 

0.00012 

0.00112 

C2H2IGI 

0. 03060 

0.03194 

0.03068 

C2H4IGI 

0.00003 

0.00006 

0.00003 

C2N2IGI 

0.00011 

0.00007 

0.00011 

HIMGMG) 

0.00038 

0.00022 

0.00037 

H1NA1CGI 

0.00004 

0.00002 

0.00004 

H2IGI 

0.00367 

0.00310 

0.00363 

MGI(G) 

0.51350 

0.51309 

0.51345 

N2CGI 

0.03773 

0.03856 

0.03776 

NA1IGI 

0.09205 

0.09216 

0.09206 

NA2IG) 

0.00037 

0.00037 

0.00036 

MGIOl(S) 

0.30314 

0.30457 

0.30327 
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f  BY  WT. 

ENTHALPY 

KCAL/MDL 

STATE 

TEMP 
OEG  K 

MG 

20.00 

0.0 

S 

29R.15 

LAMINAC 

5.00 

-76.200 

s 

298.15 

NAN03 

75«0J>  . 

-111. 5*0 

s 

298.15 

EMPIRICAL 

FORMULA 

*=UEL  MG  1.00000 

FUEL  C  5. *6749  H 

5.91080 

0  1.77324 

FUEL,  0  3.00000  NA 

1 .00000 

N  1,00000 

0/F* 

0.0  DENSITY1 

PARAMETERS 

_  _  CHAMBER 

THROAT 

EXIT 

PRESS. ,PSIA  0.39 

0.22 

0.20 

PRESS. tATM  0.03 

0.02 

0.01 

T,  DEG  K  1859 

1728 

1703 

It  DEG  F  2886 

2650 

2605 

$•  CAL/IGMK)  1.7*61 

1.7*62 

1.7*62 

MOiTwT .  *7.217 

*7.279 

*7.293 

CPt  CAL/CGI < K )  3.34*6 

0.3380 

0.3*12 

GAMMA  1.1520 

1.15*9 

1.15*3 

MACH  NUMBER  0.0 

1.000 

1.101 

C  STAR 

2938 

2938 

cf7ideal 

0.662 

0.722 

CF.VAC 

1.234 

1.290 

AE/AT 

1.00 

1.01 

ISP, IDEAL 

60.4 

66.0 

ISP*®  MOB 

P3.6 

135.0 

MOLE  FRACTIONS 

OF  PRODUCTS 

C 101(G) 

0.00042 

0.03014 

C. 00011 

C102IGI 

0.09255 

0.09292 

0.09298 

HINA  131 ( G! 

0.09999 

0.100*8 

0.10054 

H10KG) 

C. 000 10 

0.00903 

0.00002 

H201IG) 

0.00021 

0.0Qv/06 

0.03004 

N10KGI 

C. 002 13 

0.00137 

C.00125 

N2(G) 

0.1*898 

0.1*951 

0.1*960 

NAKG) 

0. 18885 

0.18835 

0.1382C 

NAIOKGI 

C. 01091 

0.01.073 

0.0107? 

NA102IGI 

0.00032 

0.00080 

0.00098 

NA2IGI 

C.OCOOl 

3.00001 

0.00001 

01(G) 

C. 00045 

0.00017 

0.0001* 

02(G) 

C. 17537 

0.17547 

0.17539 

MG10KS) 

0.27969 

0.27996 

0.2800? 

DENSITY 

r./cc 

1,7*0003 

1.190000 

2.26100C 


2.0464 
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*  BV  WT. 

ENTHAL®* 

KC4L/MOL 

STATE 

TEMP 

OEG  K 

OFNSITV 

r,/:c 

MG 

23.00 

0.0 

S 

290.13 

1.740000 

L4MINAC 

3.00 

-76.200 

s 

290.15 

1.190000 

NAND3 

70.00 

-111.540 

5 

293.15 

2.261000 

EMPIRICAL 

FORMULA 

FUEL  MG  l. 00000 

o 

• 

o 

u 

fa 

o 

FUEL  C  3.46749  H 

5.91080 

0  1.77324 

FUEL  0  3.00000  NA 

l. 00000 

N  1.00000 

DENSITY-  2.0190 

PARAMETERS 

CHAMBER 

throat 

EXIT 

PRESS. .PSIA 

0.09 

0.23 

o.?o 

PRFSS. *  ATM 

0.03 

0.02 

0.01 

T,  OEG  K 

2408 

2323 

2  302 

T,  OEG  F 

3074 

3721 

36K4 

S.  CAL/fGHKI 

1.7781 

1.7782 

1.7781 

MOL  WT 

48.581 

49.055 

40.171 

CP.  CAL/IGMKI 

1.2826 

1.1535 

1.1250 

gamma 

1.0926 

1.0939 

1.0943 

MACH  NUMBER 

0.0 

1.001 

1.121 

TSTAR 

3364 

3364 

CF, IDEAL 

0.641 

0.713 

C  F. VAC 

1.225 

1.232 

AE/AT 

1.00 

1.01 

ISP. IDEAL 

67.0 

74.6 

I SP*RHD« 

135.3 

150.6 

I SP*  VAC 

128.1 

128.9 

MOLE  FRACTIONS 

or  products 

C10HGI 

0.0212? 

0.01766 

0.01679 

ri02<G| 

0.06766 

0.07167 

0.07266 

HKGI 

0.00272 

0.00215 

0.0020? 

HINA  If Gl 

0.00001 

0.09001 

0.00001 

HlNAlDlfGI 

C  .04128 

0.04255 

C.042Q9 

Minif G| 

C.00969 

0.00838 

C. 00805 

H2(Gl 

C. 00 1 OB 

0.0009? 

0.00088 

H20HGI 

0.02011 

0. 02082 

0.02094 

MGHGI 

0.00246 

0.00145 

C. 00126 

MGlOl IGI 

0.00093 

0.00054 

0.00047 

Ninif gi 

0.00635 

0.00541 

0.0057C 

N2(G| 

C. 130 70 

0.13184 

0.13213 

NAHGI 

C  ,  ?? 1 46 

0.22229 

0.  ???37 

NAinif Gl 

0.00496 

0.00423 

0.00407 

N A2  f  G 1 

C.OOCCl 

0.00000 

O.OOOOC 

11IGI 

0.01574 

0.01288 

O.Ol??l 

0?f  Gl 

0. 12281 

0.13327 

0.  1?336 

MGlDlf SI 

C. 33080 

0.33390 

0.33460 
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t 

BY  NT. 

ENTHALPY 

STATE  TEMP 

KCAL/MOL 

DEG 

Mft 

30.00 

0.0 

S  298. 

LAMINAC 

5.00 

-76.200 

S  298. 

NANO) 

65.00  -111.540 

S  298. 

empirical 

FORMULA 

FUEL  Mf.  1. 

00000 

FUEL  C  5. 

46749  H 

5.91080 

0  1.77324 

FUEL  0  3. 

00000  NA 

1.00000 

N  1.00000 

PARAMETERS 

CHAMFER 

thrdat 

EXIT 

PRESS. «  PSIA 

0.  39 

0.23 

0.20 

PRESS. .ATM 

0.03 

0.02 

0.01 

T,  DEO  K 

2577 

7509 

2492 

T,  OFG  F 

41  79 

4057 

4025 

S.  CAL/ ( GI(K) 

1.7870 

1.7B71 

1.7870 

MOL  NT* 

49.467 

49.C71 

49.230 

CP.  CAL / ( G) ( K 1  4.005) 

3.7455 

3.6756 

GAMMA 

1.0B06 

1.0793 

1.0790 

MACH  SUMMER 

0.0 

1.000 

1.127 

CSTAR 

3498 

3498 

CF. IDEAL 

0.635 

0.712 

OF. VAC 

1.224 

l.?72 

AF/AT 

1.00 

1.01 

ISP, IDEAL 

69.1 

77.4 

| <p«ouor 

1)7.6 

154.? 

MULE  FRACTIONS  OF  PRODUCTS 

CinilGI 

0.04135 

0.03964 

0.0)917 

Cin?CGI 

0.04461 

0.04658 

0.04711 

H  |  f  G 1 

0.00969 

0.00940 

0.00932 

H1MGKGI 

0.00001 

0.00000 

o.ooorc 

MIMGIOUGI 

C.000D1 

0.00001 

0.00001 

HlNAlCGI 

C. 00007 

0.00002 

0.00002 

HlNAlOlf  Gl 

C.01R74 

0.01750 

0.01719 

MinnGi 

0.01533 

0.01461 

0.01442 

H2fGI 

C. 00316 

0.00316 

0.00)15 

H20UGI 

0.02141 

0.02268 

0.02)01 

MG1IGI 

C. 030)9 

0.02670 

0.02575 

MGIOUGI 

0.00622 

0.00498 

0.00468 

M101IG1 

0.00664 

0.00592 

0.00575 

N21GI 

0.  11691 

0.11762 

0.11781 

NAIIGI 

0. 21 526 

0.22080 

0.22144 

NAIOKGI 

0.00341 

0. 00284 

0.00271 

OlfGI 

C. 02955 

0.02763 

0.02712 

02IGI 

C. 08)05 

0.08258 

0.09244 

MG10USI 

C. 35175 

0. 357)3 

0.35889 

DENSITY 
fi/  CC 

1.740000 

1.190000 

7.261000 


O/F-  0.0 


DENSITY-  1.9924 


158 


f  AY  WT. 

ENTHALPY 

RCAL/MOL 

STATE 

TEMP 

OEG  K 

DENSITY 

G/CC 

MG 

35.00 

0.0 

S 

296.15 

1.740000 

LAMINAC 

5.00 

-76.200 

S 

296.15 

1.190000 

NAN03 

60.00 

-111.540 

S 

296.15 

2.261000 

FUEL 

FUEL 

FUEL 


MG  l.OOOCO 
C  5.46749 
0  3.00000 


EMPIRICAL  FORMULA 


H  5.91080 
NA  1.00000 


0  1.77324 

N  1.00000 


0/F=  0.0 
DENSITY®  1.9664 


PARAMETERS 

chamber 

THROAT 

EXIT 

PRESS. .PS I A 

0.39 

0.23 

0.20 

PRESS. .ATM 

0.03 

0.02 

0.01 

T.  OEG  K 

2636 

2570 

2554 

T,  DEG  F 

4285 

4167 

4137 

S.  CAL/IGMKI 

l  .7867 

1.7887 

1.7887 

MOL  WT 

47.846 

48.501 

48.669 

CP.  CAL/IGMKI 

5.0337 

7.8593 

7.8132 

GAMMA 

1.0800 

1.0784 

1.0780 

MACH  NIJMRE0 

0.0 

1.001 

1.126 

CSTAR 

3560 

3560 

CF, IDEAL 

0.636 

0.712 

CF.VAC 

1.224 

1.232 

AE/AT 

1.00 

1.02 

ISP, IDEAL 

70.4 

78.7 

|  $P*QMOR 

138.4 

154.8 

MOLE  FRACTIONS 

OF  PRODUCTS 

ClOltGI 

0.05080 

0.04983 

0.04957 

C102CGI 

0.03361 

0.03481 

0.03512 

HUG! 

0.01485 

0.01486 

0.01485 

H1MGKGI 

0.00002 

0.03002 

0.00001 

H1MG10U  G) 

0.00032 

0.00001 

0.00001 

hinaugi 

0.00003 

0.00002 

0.00002 

H1NA10KG) 

0.01203 

0.01069 

0.01061 

HlOl(G) 

0.015  70 

0.01507 

0.01491 

H2IGI 

0.00462 

0.00470 

0.00472 

H  201(G) 

0.01949 

0.02061 

0.02084 

MGUGI 

0.07834 

0.07416 

0.07309 

MGIOKG) 

C. 01140 

0.00965 

0.00925 

NlOl(G) 

0.00566 

0.00507 

0.00493 

N2IGI 

0.  10616 

0.10673 

0.10686 

NAl(G) 

0.20346 

0.20559 

0.20611 

NAlOi(G) 

0.00245 

0.00202 

0.00192 

01(G) 

0.03138 

0.02992 

0.02955 

02(G) 

0.05516 

0.05433 

0.05411 

MG10KS) 

0.35462 

0.36169 

0.36347 
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*  RY  WT • 

ENTHALPY 

KCAL/MOL 

STATE 

TEMP 

DEG  K 

DENSITY 

g/cc 

40.30 

0.0 

S 

298.15 

1.740000 

LAMINAC 

3.00 

-76.200 

S 

298.15 

1.190000 

N4N03 

53.00 

-111.540 

S 

298.15 

2.261000 

EMPIRICAL 

FORMULA 

FUEL  MG  1.00003 

o 

n 

o 

• 

o 

FUEL  C  5.4674*  H 

5.91080 

D  1.77324 

PIJ*L  0  3.30007  NA 

1.03000 

N  1.00000 

DENSITY®  1,9 

PARAMETERS  CHAM8RQ 

throat 

EXIT 

PPFSS..PSIA  0.79 

0.23 

0.20 

POESS..ATM  0.03 

0.02 

0.01 

▼.  DFG  K  2659 

2594 

2577 

T,  DFG  F  4327 

4209 

4179 

S.  CAL/  (  GM  K  )  1.7R64 

1. 7864 

1.7864 

MOL  WT  47.017 

47.683 

47.860 

CP.  CAL/IGMK1  10.59?* 

10.4788 

10.4483 

GAMMA  1.0808 

1.0791 

1.0787 

MACH  NUMBER  0.0 

1.001 

1.126 

CSTA* 

3604 

3604 

CF, IDEAL 

0.636 

0.712 

CF . VAC 

i.2/: 

1.2*3 

AE/AT 

1.00 

1.02 

ISP. IDEAL 

71.3 

79.8 

1 

1  7  fl  ,  4 

154.0 

MOLE  FRACTIONS 

OF  PRODUCTS 

C101CG1 

0. 05690 

0.05630 

0.05615 

C 102(G) 

0.02635 

0.02716 

0.02737 

H 1  ( G ) 

0.01864 

0.01878 

0.01881 

H1MGKG) 

0.00004 

0.00003 

0.00003 

HlMGlOKG) 

0.00003 

0.0000? 

0.00002 

HlNAl(G) 

0.00003 

0.00002 

0.00002 

H1NA10HG) 

0.00856 

0.00765 

0.00743 

HlOl(G) 

C. 01425 

0.01362 

0.01346 

H2(G) 

0.00605 

0.00618 

0.00621 

H20KG) 

C. 01 8 18 

0.01887 

0.01905 

MGl(G) 

0. 13411 

0.12991 

0.12883 

MG1QKG) 

0.01444 

0.01240 

0.01191 

NIDKGI 

C. 00437 

0.00390 

0.00378 

N2CG) 

C. 09634 

0.09683 

0.09695 

NAl(G) 

0. 18674 

0.18846 

0.18889 

NAlOt(G) 

C.00172 

0.00141 

0.00133 

01(G) 

0.02724 

0.02592 

0.02559 

02(G) 

0.03376 

0.03276 

0.0325C 

MGIOK  S) 

0.35225 

0.35978 

0.36168 
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MG 

NAN03 


f  BY  WT.  ENTHALPY  STATE  TEMP  DENSITY 
KCAL/NOl  OEG  K  G/CC 

45*00  0*0  S  298*15  1*740000 

50*00  -111*540  S  298*15  2*261000 


FUEL  MG  1*00000 
FUEL  NA  1*00000 
FUEL - 0 — 1777324' 


EMPIRICAL  FOAMUI.A 

1*00000  0  3.00000 
5*46749  H~  -5*91080 


0/F*  0.0 
DENSITY*  1.9165 


PARAMETERS  ' 


CHAMBER 


PRESS*  »PSI A 

0*39 

0*23 

0*20 

PRESS* • ATM 

0*03 

0*02 

0*01 

T  •  OEG  K 

2661 

2595 

2578 

T#  OEG  F 

4331 

4211 

4181 

St  CAL/CGHK) 

1*7811 

1*7812 

1*7811 

MOL  WT 

46*047 

46*723 

46*899 

CP*  CAL/(GI(K )  9*2101 

8*9600 

8*8892 

GAMMA 

1*0821 

1*0804 

1*0800 

MACH  NUMBER 

0.0 

1*000 

1*126 

CSTAA _ 

3646 

3646 

CF  * IOEAL 

0*636 

0*712 

CF* VAC 

1*224 

1*232 

AE/AT 

1*00 

1*01 

ISP* IOEAL 

72*1 

80*7 

ISPPRH08 

138*1 

154*6 

MOLE  FRACTIONS  OF  PROOUCTS 

C101IG) 

0*06195 

0*06170 

0*06164 

C102IGI 

0*02024 

0*02070 

0*02082 

HlfST 

0*02134 

8*02173  0*02177 

H1MG1IGI 

0*00007 

0*00005 

0*00005 

H1MG10KCI 

0*00003 

0*00002 

0*00002 

HlNAl(G) 

0*00003 

0*00002 

0*00002 

HINA  1011 G) 

0*00622 

0*00550 

0*00532 

HlOl(G) 

0*01164 

0*01098 

0*01080 

K2ICF 

0  • 

0V008T2 — 0*00818 

H201 I G) 

0*01676 

0*01727 

0*01739 

MGKGI 

0*19427 

0*19007 

0*18897 

MG10KCI 

0*01482 

0*01265 

0*01214 

N10KG) 

0*00298 

0*00260 

0*00251 

N2IG) 

0*08694 

0*08735 

0*08745 

NIITGI- 

- 07T6949 

0*17088 — 

8*17123 

NAIOI(G) 

0*00111 

0*00089 

0*00084 

01(G) 

0*01949 

0*01838 

0*01804 

02(G) 

0*01722 

0*01617 

0*01588 

NG10KS) 

0*34709 

0*35491 

0*35690 

MG 

NANO  3 


t  tV  NT i 

99.00 

40.00 


ENTHALPY  STATE  TEMP 
KCAL/MOL  OEC  K 

0.0  S  298.19 

-111.940  $  298.19 

~  ~T8v200 - S - 298.19 


EHP1AICAL  FORMULA 


FUEL  I 

FUEL  I 

-fuel - C 

PARAMETERS 


N6  1.00000 
NA  1.00000 
TT"  T. 77324 


DENSITY 

G/CC 

1.740000 

2.261000 

t.rooooo 


0/F=  0.0 


N  1.00000  0  3.00000  ,  Rg91 

-C-  VWW  -  -IT  -S.'MOtO - 


"EXIT  ~ 


CHARIER —  THROAT 


PRESS. fPSIA 

0.39 

0.23 

0.20 

PRESS. .ATM 

0.03 

0.02 

0.01 

T,  OEG  R 

2943 

'  2499 

2433 

T.  OEG  F 

4118 

3999 

3919 

S.  CAL/(G)(K) 

1.7604 

1.7404 

1.7404 

NOL  NT 

43.490 

44.042 

44.173 

CP.  C AL/(G)(K ) 

1.9371 

1.2421 

1.1779 

GANNA 

1.0970 

1.0994 

1.1004 

MACH  NUMBER 

0.0 

1.000 

1.119 

CSTAR 

3640 

3440 

CF. IDEAL 

0.443 

0.716 

CF.VAC 

. 1.220 

1.239 

AE/AT 

1.00 

1.01 

ISP. IDEAL 

72.0 

81.0 

ISP9RH00 

134.1 

191.4 

HOLE  FRACTIONS  OF  PROOUCTS 


C 101(6) 
C102IG) 

"wrm - 

H1N6K6) 

H1N6I0K6I 

H1NA1IG) 

H1NA10KG) 

HlOl(G) 

H7TO - 

N20KGI 

NGl(G) 

NGIOKG) 

N101IGI 

N2IGI 


0.07381 

0.00983 

"0;02190 

0.00017 

0.00002 

0.00004 

0.00220 

0.00237 


NA101IG) 

01(G) 

02(G) 

NG10KS) 


0.00983 

0.32412 

0.00449 

0.00030 

0.04840 

"0.13472 

0.00013 

0.00140 

0.00033 

0.33011 


07902 

00474 

02010 

00014 

00001 

00003 

00149 

00199 

02273 

00041 

31974 

00277 

00017 

04099 

13990 

00007 

00000 

00014 

33734 


07934 

00440 

01977 

00013 

00001 

00003 

00193 

00137 

02340 

00829 

31049 

00243 

00014 

04043 

13970 

00004 

00074 

00011 

33904 


'  ’  '■  " 


n ■  -  .11  JK  I 


S  BY  NT.  ENTHALPY  STATE  TEMP  DENSITY 
KCAL/MOL  DEG  K  6/CC 


MG 

59.00 

0.0  S  298.15 

1.740003 

NAN03 

36.00 

•111.540  S  298.15 

2.261000 

LAMINAC 

5.00 

-T6.200  S  298.15 

1.190000 

EMPIRICAL  FORMULA 

FUEL 

MG 

1.00000 

FUEL 

NA 

1.00000 

N 

1.00000  0  3.00000 

FUEL 

0 

1.77324 

C 

5.46749  H  5.91080 

0/Fa  0.0  DENSITY- 

1.8508 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS..  PSU 

0.39 

0.22 

5.20 

PRESS. .ATM 

0.03 

0.01 

0.01 

T.  OEG  K 

2233 

2064 

2036 

T»  OEG  F 

3559 

3254 

3205 

S.  CAL/CGMKI 

1.7429 

1.7429 

1.7430 

MOL  MT 

41.455 

41.614 

41.630 

CP.  CAL/IGMK) 

0.4074 

0.3376 

0.3299 

GAMMA 

1.1609 

1.1794 

1.1821 

MACH  NUMBER 

0.0 

1.000 

1.082 

cstar 

3416 

3416 

CF. IDEAL 

0.670 

0.720 

CF.VAC 

1.238 

1.241 

AE/AT 

1.00 

1.01 

ISP.IOEAL 

71.1 

76.5 

ISPPRHOB 

•  131.4 

141.4 

MOLE  FRACTIONS 

OF  PROOUCTS 

C101CGI  _ 

0.07797 

0.07831 

0.07835 

0102(G) 

0.00029 

0.00007 

0.00005 

HltGI 

0.00672 

0.00338 

0.00296 

H1MGKGI 

0.00024 

0.00017 

0.00016 

H1NA1IG) 

0.00004 

0.00003 

0.00003 

H1NA10KG) 

0.00020 

0.00005 

0.00004 

H  101(G) 

0.00002 

0.00000 

0.60000 

H2IG) 

0.03794 

0.04037 

0.04065 

M 201(G) 

0.00074 

0.00017 

0.00013 

NGKGI 

0.38462 

0.38433 

0.38434 

MG10KG) 

0.00010 

0.00001 

0.00001 

N2(C) 

0.06062 

0.04071 

0.06073 

NAKG) 

0.12100 

0.12135 

0.12139 

MG10KSI 

0.30950 

0.31103 

0.31117 
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X  BY  MT. 


ENTHALPY  STATE  TEMP  DENSITY 

KCAL/MOL  OEG  K  G/CC 


MG 

NAN03 

LAMINAC 

68.00 

27.00 

5.00 

0.0 

“111.340  . 
-76.200 

S 

s 

s 

298.15 

298.15 

298.15 

1.740003 

2.261000 

1.190000 

EMPIRICAL 

FORMULA 

FUEL 

MG 

1.00000 

FUEL 

NA 

1.00000 

H 

1.00000 

0 

3.00000 

FUEL 

0 

1.77324 

C 

5.46749 

5.91080 

0/F- 

0< 

.0  DENSITY®  1.8108 

PARAMETERS 


CHAMBER 

THROAT 

-  m- 

PRESS. .PSIA 

0.39 

0.23 

PRESS. • ATM 

0.03 

0.02 

0.01 

T.  OEG  K 

1590 

1538 

1525 

T*  OEG  F 

2402 

2308 

2286 

S.  CAL/tGMK) 

1.6103 

1.6103 

1.6103 

MOL  MT 

40.548 

41.146 

41.274 

CP.  CAL/IGMK) 

2.2777 

1.5210 

1.3539 

GAMMA 

1.0960 

1.1006 

1.1027 

MACH  NUMBER 

0.0 

1.000 

1.110 

CSTAR 

2984 

2984 

CF.IOEAL 

0.643 

0.711 

CF. VAC 

1.227 

1.233 

AE/AT 

1.00 

l.Ol 

ISP. IDEAL 

59.6 

65.9 

ISPMHOB 

108.0 

119.3 

MOLE  FRACTIONS 

OF  PRODUCTS 

C1H1NKG) 

0.00012 

0.00008 

0.00008 

ClOlfGI 

0.01190 

0.00703 

0.00401 

H1IGI 

0.00003 

0.00004 

0.00003 

H1MG1IG) 

0.00020 

0.00015 

0.06014 

HlNAl(G) 

0.00092 

0.00001 

0.00001 

H2(G) 

0.03082 

0.03987 

0.03988 

MG1(G> 

0.4*678 

0.48194 

0.48092 

N21GI 

0.04295 

0.04296 

0.04297 

NA1IG) 

0.08598 

0.08599 

0.08599 

NA2IGI 

0.00001 

0.00001 

0.00000 

MG101I SI 

0.27016 

0.27501 

0.27603 

CIISI 

0.06201 

0.06490 

0.04793 
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X 

BY  NT. 

ENTHALPY 

Sr*TE  TEMP 

DENSITY 

KCAL/MOL 

DEG  K 

G/CC 

MG 

58.00 

0.0 

S  298.15 

l *  740000 

NAN03 

37.50 

111.540 

S  298.15 

2.261000 

LAMINAC 

4.50 

-76.200 

S  298.15 

1.190000 

EMPIRICAL 

FORMULA 

0/F=  0.0 

FUEL  MG  1. 

OCGwO 

FUEL  NA  l. 

OCGOU  N 

1.003CC 

n  3.0CD00 

FUEL  G  1. 

77324  C 

5.46749 

H  5.91000 

DENSITY*  1.8 

PARAMETERS 

CHAMBER 

THRJAT 

EXIT 

PRESS. .PSIA 

14.  7G 

d.39 

14.30 

PRESS. » ATI 

I. 00 

0.57 

0.97 

T,  DEG  K 

2620 

24  30 

2611 

T,  DEG  F 

4256 

3915 

4240 

S.  CAL/ (GI(K) 

1.5722 

1.5722 

1.5722 

MOL  WT 

43.033 

43.973 

43.842 

CP.  CAL/  (GM  K  )  0.3889 

0.3391 

0.3856 

GAMMA 

1.1566 

1.1681 

1.1572 

MACH  NUMBER 

0.0 

1.000 

0.218 

CSTAR 

3608 

3608 

CF, IDEAL 

0.666 

0.150 

CF.VAC 

1.237 

2.873 

AE/AT 

l.CO 

2.80 

ISP. IDEAL 

74.7 

16.9 

ISP*RH()B 

139.  1 

31.4 

MCLE  FRACTIONS  OF  PRODUCTS 

• 

C 101 I G 1 

C. 071 44 

0.07166 

0.07146 

C102IGI 

C.0G025 

0.00009 

0.00024 

Hl(G) 

C.0C621 

0.00373 

0.00608 

H1MGKGI 

C.0C158 

0.00115 

0.00156 

H1MG101IGI 

C. 00001 

0.00000 

0.00001 

HlNAl(G) 

0.00C28 

0.00021 

0.00028 

HINAIQlf  G) 

C.00G66 

0.00024 

0.00063 

HIOl(G) 

C. 00003 

0.00001 

0.00003 

H2IG) 

0.03361 

0.03585 

0.03374 

H  201(G) 

0.000  75 

0.00026 

0.00072 

MGUGI 

C. 35703 

0.35742 

0.35779 

MGlUl (G) 

C .00026 

0.00006 

0.00025 

N2IGI 

0.06427 

0.06433 

0.06428 

NAKG) 

C.  12750 

0.12813 

0.12754 

NA1QKG) 

0.00001 

O.OOCOO 

0.00001 

NA2IGI 

C. 00005 

0.00CO4 

0.00005 

MG1QUSI 

0.33523 

0.33683 

0.33534 

165 


«G 

NAN03 

LANINAC 


FUEL 

FUEL 

FUEL 


t  BY  MT. 

58.00 

37.50 

4*50 


HG  1.00000 
NA  1.00000 
0  1.77324 


ENTHALPY  STATE  TEMP  DENSITY 

KCAL/MOL  DEG  K  G/CC 

0.0  S  298.15  1.740003 

•111.540  S  298.15  2.261000 

-76.200  S  298.15  1.190300 


EMPIRICAL  FORMULA 


N  1.00000  0 
C  5.46749  H 


3.00000 

5.91080 


0/F-  0.0 
DENSITY*  .1,8622 


PARAMETERS 

Chamber  .. 

THRQAT 

EXIT 

PRESS. *PSIA 

0.39 

'  0.22 

0720 

PRESS. #  ATM 

0.03 

0.02 

0.01 

T .  DEG  K 

2442 

2323 

2297 

T,  OEG  F 

3936 

3722 

3676 

S.  CAL/IGXKl 

1.7388 

1.7388 

1.7388 

MOL  NT 

427935 

437343  ‘ 

43.417 

CP*  CAL/ CGI  ( K ) 

0.7717 

0.5989 

0.5687 

GANNA 

1.1172 

1.1274 

1.1299 

NACH  NUMBER 

0.0 

0.999 

1.099 

CSTAR 

3567 

3567 

CF  *  IDEAL 

0.651 

0.713 

CF. VAC 

1.230 

1.235 

AE/AT 

1.00 

1.01 

ISP. IDEAL 

72.2 

79.J 

ISP*RH08 

134.5 

147.2 

MOLE  FRACTIONS 

OF  PRODUCTS 

C101IGI 

0.06920 

0.07022 

0.07040 

C102IGI 

0.00207 

0.00118 

0.00102 

MUG! 

0.01557 

0.01231 

0.01156 

HlNGHGI 

0.00021 

0.00016 

0.00015 

H1NG101IGI 

0.00001 

0.00000 

0.00000 

H1NAKGI 

0.00004 

0.00003 

0.00003 

MINA  1011 G! 

0.00101 

0.00056 

0.00049 

MlOl(G) 

0.00055 

0.00020 

0.00015 

M2IGI 

0.02534 

0.02922 

0.03002 

M201IGI 

0.00449 

0.00274 

0.00240 

NGl(G) 

0.36383 

0.36080 

0.36031 

NG101IGI 

0.00143 

0.00056 

0.00044 

N101IGI 

0.00005 

0.00002 

0.00001 

N2IGI 

0.06388 

0.06400 

0.06403 

NA1IG! 

0.12672 

0.12742 

0.12755 

NA10KG) 

0.00003 

0.64001 

0.00001 

01(G) 

0.00022 

0.00005 

0.00004 

02(G) 

0.00002 

0.00000 

6.00000 

NG101IS) 

0.32534 

0.33051 

0.33139 

TSSIMOCHSaCAL  OOKFUTATIOIS  FOR 
MAOMESIOM-OLYCIDYL  MTHHACRILATE-  SODIUM 
PERCHLORATE  FLARE  OONFOSITIORS 
AID 

COMPUTATIONS  FOR  Oil  NAOMBSItJM- 
OLYCIDYL  METHACRYLATE- SODIUM 
IITRATE  FIAHS  OOMFOSITIOR 


t  BY  WT. 


CLVMET 

MG 

MAC  L  04 


19.00 

22.00 


ENTHALPY  STATE 
KCAL/MOL 
>104.000  L 

0.0  S 

~»92.t90 - S - 


rtm 

OEG  K 

298.19 
29B.I9 

291.19 


Of  MS  t  TV 
G/CC 

1.000000 

1.740000 

2.3T9999 


EMPIRICAL 

FORMULA 

FUEL  C  T 

H  10 

0  3 

FUEL  MG  1 

FUEL  0  4 

MA  1 

CL  t 

PARAMETERS 

CHAMBER 

THRIJir 

“  EXIT' 

PAESS. *FSI A 

14.70 

B.9* 

14.30 

PRESS. .ATM 

1.00 

0.98 

0.97 

T •  OEG  K 

SOBS 

2988 

3078 

T,  DEG  F 

9089 

4919 

9080 

S*  CAL/IGMK) 

1.B94B 

1.8991 

1.8949 

MOL  WT 

41.193 

41.832 

41.223 

CP*  CAL/(GI(K) 

9.1048’y 

4.9898 

9.1014 

GAMMA 

1.099* 

1.0937 

1.0998 

MACH  NUMBER 

0.0 

0.999 

0.213 

CSTAR 

4199 

4199 

CF* IDEAL 

0.636 

0.139 

CF.VAC 

1.218 

2.923 

AE/AT 

1.00 

2.8* 

ISP* IDEAL 

82.1 

18.0 

ISPPRHOB 

191.8 

33.2 

MOLE  FRACTIONS  OF  PRODUCTS 

ClOl(G) 

0.1*463 

0.1*288 

0.1*494 

C102IG) 

0.0769B 

0.0797* 

0.07711 

ccnor  "  - 

*  (rj02s*§  ■ 

0.9236* 

“0.02387“ 

CL1HKGI 

0.03097 

0.03141 

0.03099 

CL1MG1IGI 

0.00134 

0.00104 

0.00132 

CL1NAHGI 

0.10919 

0.10*92 

0.10929 

CL10KG) 

0.00004 

0.00003 

0.00004 

CL2IGI 

0.00001 

0.00000 

0.00001 

CUZMCITGl  — 

~onyos93~ 

0.003T*~ 

"0.00391“ 

CL2MA2IGI 

0.00001 

0.00001 

0.00001 

Hl(G) 

0.02907 

0.028*2 

0.02909 

HlMGltG) 

0.0002B 

0.00019 

0.00027 

H1MG10KGI 

0i00022 

0.00019 

0.00021 

H1NAIIG) 

0.00009 

0.00007 

0.00009 

HINATOirCl - 

-o;oi52r- 

“0.771395 

-0.-Ot91T 

HlOl(G) 

0.03*72 

0.03441 

0.03*61 

H2IG) 

0.02*16 

0.02*30 

0.02*1* 

H201IGI 

0.09012 

0.092*6 

0.09024 

MG1IGI 

0.0*724 

0.0*340 

0.0*708 

MG101IGI 

0.0173* 

0.01447 

0.01721 

n*noi  "  " 

0.04*09  0.04719 

0^04635 

NA10KGI 

0.001*9 

0.0013* 

0.001*4 

01(61 

0.02404 

0.02229 

0.0239* 

02(G) 

0.03341 

0.03182 

0.03334 

MGIOKS) 

0. 20994 

0.21473 

0.20*39 

0/ F~  0.0 


t  87  NT 


t 

GLYNCT 

WO 

•V  MT.  ENTHALPY;  VlfATE  TEMF 

RCAL/NOL  0E6  R 

19.00  -104.000  L  290.19 

92.00  0.0  S  290.19 

EMPIRICAL 

FORMULA 

FUEL  C  7 

H  10 

0  9 

0/F=  0.0 

FUEL  MG  1 

DENSITY* 

FOCI  0  4 

NA  1 

CL  t 

PARAMETERS 

'  CHAMBER 

~ THROAT  " 

(XI V 

PRESS..PSIA 

14.70 

9.97 

14.90 

PRESS. .ATM 

1.00 

0.90 

0.97 

T*  OEC  K 

9002 

2909 

9077 

Tt  OEC  F 

9007 

4919 

9070 

Si  CAL/IGIlK) 

1.0022 

1.0024 

1.0029 

MOt  MT 

99.902 

40.414 

40.011 

CPt  CAL/IGIlK) 

4.4479 

4.2409 

4.4407 

GAMMA 

1.0902 

1.0949 

1.0901 

MACH  NUMBER 

0.0 

1.000 

0.219 

CSTAR 

4199 

4199 

CF.IOEAL 

0.440 

0.141 

CF.VAC 

1.229 

2.909 

AE/AT 

1.00 

2.09 

ISC. IDEAL 

• 

09.9 

10.4 

ISP4RH08 

190.0 

99.1 

MOLE  FRACTIONS 

OF  PRODUCTS 

C1H101IG) 

0.00001 

0.00000 

0.00001 

C 101(G) 

0.10979 

0.19029 

0.10979 

C102IGI 

0.09704 

0.09001 

OoOITII 

CLKGI 

0.01499 

0.01494 

0.01499 

CLIHKGI 

0.02929 

0.02994 

0.02927 

CLINGKG) 

0.00210 

0.00179 

0.00214 

CL1NAKG) 

0.07709 

0.07790 

0.07707 

CLIOIIGI 

0.00001 

0.00001 

0.00001 

ClINbiUi 

0.00419" 

0.00909 

0.00417 

CL2NA2(G) 

0.00001 

0.00001 

0.00001 

Hit  61 

0.09700 

0.09749 

0.09704 

H1NGKGI 

0.00004 

0.00042 

0.00009 

HIMGIOKG) 

0.00020 

0.00020 

0.00020 

HINAKGI 

0.00012 

0.00010 

0.00012 

H1NA101I  C) 

0.00007 

0.00779 

0.00082 

HIOlfGI 

0.02040 

0.01090 

0.02090 

H2CGI 

0.04404 

0.04794 

0.04411 

H201IG) 

0.04770 

0.04020 

0.04774 

MGIIGI 

0.19197 

0.14727 

0.19174 

MGLOIIG) 

0.01471 

0.01942 

0.01499 

WA1I6I 

0.04001 

0o04T3f 

~0. 04444- 

NAIOIIG) 

0.00071 

0.00099 

0.00070 

01(0) 

0.00900 

0.00090 

0.00909 

02(G) 

0.00904 

0.00499 

0.00902 

W010KS) 

0.22929 

0.29929 

0.22974 

169 

OENStTT 

C/CC 

t .OOOOOO 
1.740000 
i.mw 


1.7966 


«  BY  WT.  ENTHALPY  STATE  TEW  OENSITV 
KCAL/MOL  OEC  K  C/CC 

GLVMET  19.00  -104.000  L  290.19  1.000000 

MG  42.90  0.0  S  298.19  1.740000 

NACL04  42.90  -92.100  S  298.19  2.379999 


I  ' 


— 

EMPIRICAL 

FORM0LA 

FUEL  C  7 
FUEL  MG  1 

H  10 

0  3 

0/F-  0.0 

FUEL  0  4 

NA  1 

CL  1 

DENSITY- 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS.,PSIA 

14.70 

a.93 

14.30 

PRESS. • ATM 

1.00 

0.98 

0.97 

r,  DEG  K 

2B7B 

2764 

2873 

T,  OEG  F 

4721 

4919 

4711 

5,  CAL/(G) (K) 

1.0919 

1.0920 

1.8920 

MOL  MT 

37.913 

38.490 

37.937 

CP,  CAL/IGHKI 

1.9278 

1.3863 

1.9218 

GAMMA 

1.1122 

1.1120 

1.1122 

MACH  NUMBER 

0.0 

1.001 

0.212 

CSTAR 

4143 

4143 

CF, IDEAL 

0.646 

0.141 

CF,VAC 

1.226 

2.948 

AE/AT 

1.00 

2.89 

ISP, IDEAL 

83.2 

18.1 

ISPPRHOB 

149.2 

31.6 

MOLE  FRACTIONS 

OF  PROOUCTS 

C1H101IGI 

C.  00001 

0.00000 

0.00001 

C101IGI 

0.20991 

0.20770 

0.20998 

C102IG) 

0.00729 

0.00992 

0.00719 

CLKGt 

0.00474 

0.00404 

0.00471 

CLIHKG) 

0.02291 

0.02278 

0.02291 

CL1MGKG) 

C.00229 

0.00178 

0.00223 

CL1NAKG) 

0.09907 

0.06090 

0.09913 

CL2MG1IG) 

0.00999 

0.00964 

0.00999 

CL2NA2 ( G 1 

C.0C001 

0.00001 

0.00001 

HtIGI 

0.02923 

0.02690 

0.02912 

HlMGIIGI 

0.00194 

0.00149 

0.00191 

HIMGIOKG) 

C.  00010 

0.00006 

0.00010 

HINA  KG) 

0.00014 

0.00011 

0.00014 

HINA  101 ( G) 

C. 00236 

0.00171 

0.00293 

HIOKGI 

0.00224 

0.00143 

0.00270 

H2IGI 

0.09890 

0.10936 

0.09007 

H20KGI 

C. 02421 

0.02021 

0.02409 

MG1IGI 

C.  29229 

0.24669 

0.29204 

MG10MG) 

0.00334 

0.00208 

0.00327 

NAKG) 

0.0J8M 

0.03003 

0.03890 

NA101 <G) 

C.OOC J6 

0.00003 

0.00006 

01(G) 

C.0C040 

0.00022 

0.00039 

02(G) 

C.0C004 

0.00002 

0. 00004 

MG10KS) 

C. 2  3881 

0.74779 

170 

0.23923 

GLVMET 


t  tV  NT.  ,  ENTHALPY  STATE  DENSITY 

GCAL /MOL  MG  K  G/CG 

49.00  -104.000  t  249.19  1.000000 

00  0.0  S  249.19  1.740000 


FUEL 

FUEL 


C  7 
MG  I 


H  10 


EMFIIIICAL  FORMULA 


0/F-  0.0 
DENSITY-  1.7021 


PARAMETERS 

PRESS. ,PSIA 
PRESS. .ATM 
T.  OEG  K 
T,  OEG  F 
S»  CAL/IGHK) 

MOL  NT 

CF«  CAL/IGMKI 
GAMMA 

MACH  NUM9E9 
CSTAA _ 

CF. IDEAL 
CF.VAC 
AE/AT 
ISP, IDEAL 
ISPPRHOB 


14.70 

92 

14.90 

1.00 

0.99 

0.47 

1994 

1744 

1999 

2404 

2794 

2947 

1.7494 

1.7470 

1.7471 

34.329 

39.009 

34.399 

2.1449 

9.2470 

2.1*42 

1.1311 

1.1210 

1.1909 

0.0 

1.000 

0.212 

9440 

9440 

0.490 

0.142 

1.224 

2.442 

1.00 

2.99 

70.9 

19.9 

114.4 

24.9 

MOLE  F9 ACT IONS  OF  FAOOUCTS 


C1H3IGI 

C1M4IGI 

ciurcm — 

C2H2CG) 

C2H4CGI 

CLIHIIGI 

CLIMGIIGI 

CLINAHGI 

CLZMGIIGl- 

CL2NA24GI 

HIIGI 

HIMGI(G) 

HIMAICG) 

H2(G) 

MGITG7 - 

NAICGI 

MA2IG) 

MG101IS) 


0.00001 

0.00017 

0;i4021 

0.00974 

0.00002 

0.00049 

0.00014 

0.09099 

0.01104 

0.00099 

0.00021 

0.00212 

0.00007 

0.19719 

TT.31235 

0.02277 

0.00001 

0.14904 


0.00001 

0.00021 

"0.19377 

0.01092 

0.00003 

0.00097 

0.00019 

0.09174 

9.111193 

0.00037 

0.00019 

0.00190 

0.00009 

0.19499 

"0.37917 

0.02292 

0.00000 

0.20499 


.00017 
>10444 
.00947 
.00002 
.00047 
.00019 
.09042 
.mi  04 
.00099 
.00020 
.00209 
.00007 
.19709 
.09217 
.02279 
.00001 
.14949 


t 

8V  WT. 

ENTHALPY  STATE  TEMP 

KCAL/MOL 

OEG  K 

GLYMET 

15.00 

104.000 

L  298*15 

MG 

*2.50 

0.0 

S  298*15 

NAN03 

42*50 

111*540 

S  298*15 

EMPIRICAL 

FORMULA 

FUEL  C  7 

H  10 

0  3 

fuel  mg  i 

FUEL  0  3 

NA  1 

N  1 

0/F- 

0.0  DENSITY' 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS., PSIA 

14.70 

8.39 

14*30 

PRESS*  * ATM 

1.00 

0.57 

0*97 

f*  OEG  K 

2408 

2316 

2401 

T •  OEG  F 

4014 

3713 

4005 

S*  CAL/ (GMKI 

1*6507 

1*8507 

1.6508 

MOL  MT 

36.930 

37.101 

36.939 

CPt  CAL/IGHK)  0*5218 

0*4258 

0.5168 

GAMMA 

1.1481 

1*1640 

1.1467 

MACH  NUMBER 

0.0 

1.000 

0.211 

CSTAR 

3639 

3639 

CF, IDEAL 

0*665 

0*144 

CF . VAC 

1*233 

2*967 

AE/AT 

1.00 

2*90 

ISP. IDEAL 

79.3 

17.2 

1$P*RH0B 

136.2 

29*6 

MOLE  FRACTIONS  OF  PRODUCTS 

C1HINIIG) 

0.00000 

0*00001 

0.00000 

C101  (Gt 

0*19534 

0*19501 

0.19536 

C102IG) 

0.00050 

0*00018 

0.00046 

HLCGI 

C. 00735 

0*00437 

0.00720 

HIMGKG) 

0.00144 

0.00102 

0.00142 

HlNAl(G) 

C. 00053 

0*00038 

0.00052 

H1NAIOUGI 

0.00114 

0*00041 

0.00109 

HIOKG) 

0.00002 

0.00000 

0*00002 

H2IGI 

0.13260 

0*13621 

0*13279 

H  201(G) 

0*00205 

0*00070 

0.00197 

MG1(G) 

0.17900 

0*17796 

0.17968 

MGIOl(G) 

0.00007 

0*00001 

0*00006 

N2(G  1 

0*06628 

0*06634 

0.06628 

NAI(G) 

0.13079 

0*13180 

0*13085 

NA2IGI 

0*00006 

0*00005 

0*00006 

MGIOKS) 

C. 28203 

0.26474 

0*28219 

OEMS I TV 
G/CC 
1*000000 
1.7*0000 
2*261000 


1.7176 


172 


« 

BV  MT* 

ENTHALPY 

STATE  TEMP  OEMS  ITT 

KCAL/NOL 

DEG  K  G/CC 

VI TON  A 

11*00  -177*900 

L  298.15  1*820009 

DFPM 

11*00 

-97*000 

S  298*15  1*820000 

NG 

54*00 

0*0 

S  298*15  1*740000 

VINO) - 

14*00 -1 11*540 

8  298*15  2  *26tb00 

EMPIRICAL 

FORMULA 

FUEL  C  2. 

67200  H 

1*80000 

F  3*47890  0/F-  0.0 

FUEL  C  1* 

OOOOO  F 

2.00000 

FUEL  NG  1* 

00000 

DENSITY*  1.8609 

FUEL  NA  1. 

OOOOO  N 

1*00000 

0 3*00000 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. *PSI A 

14*70 

8*61 

14*30 

PRESS* .ATM 

1.00 

0*59 

0*97 

T,  OEG  K 

1987 

1929 

1984 

T •  OEG  F 

3117 

3013 

3112 

SjlJCAL/I  GI_IKI 

1*5673 

1*5674 

1*5674 

NOL  NT 

42*875 

43*655 

42*913 

CP*  CAL/tGMK)  19*0548 

18*8095 

19*0463 

GAMMA 

1*0991 

1*0963 

1*0990 

MACH  NUMBER 

0.0 

1.000 

0*221 

CSTAR 

- - - -  •  — - 

3245 

3245 

CF *  I DEAL 

0*641 

0*145 

CF* VAC 

1.227 

2*851 

AE/AT 

1.00 

2*78 

ISP. IDEAL 

64*7 

14*7 

ispprmob 

120*4 

27*3 

mole  fractions  of  products 

C1MINUGI 

0*00069 

0*00055 

0*00068 

C 101 I G) 

C.12Q00 

0,11314. 

-9.111765 

C2H2IGI 

0*00002 

0*00002 

0*00002 

F1H1IGI 

C. 00152 

0*00150 

0*00152 

FlMGl(G) 

C. 00001 

0.00000 

0*00001 

F1NAHG) 

C. 00456 

0*00429 

0*00455 

F2MGIIGI 

0*01731 

0*01803 

0*01735 

HUG) 

0*00021 

0*00018 

0*00021 

H1MGKGI 

0.00121 

0*00089 

0*00119 

H1NA1 ( G 1 

0*00012 

0*00009 

0*00012 

H2(G) 

0*02851 

0*02878 

0*02853 

MGIIGI 

0*41740 

0*41067 

0*41706 

N2IGI 

0*04303 

0*04309 

0*04303 

NA1IG) 

0*08193 

0*08224 

0*08195 

NA2IG) 

0*00007 

0*00005 

0*00006 

MG101IS) 

C. 14025 

0*14698 

0*14059 

F2MG1IL) 

C. 10601 

0*10539 

0*10597 

C1IS) 

0*03714 

0*04406 

0*03749 
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t  8Y  NT. 

ENTHALPY  STATE  TEMP 

OENSITY 

KCAL/MOL 

DEG 

K 

G/CC 

VI TON  A  11.00 

-177.900 

L  298. 

15 

1.820000 

OFPM  11.00 

-97.000 

S  298. 

15 

1.820000 

MG  ,  50.00 

0.0 

S  298. 

15 

1.740000 

N6H03  28.00 

-111.540 

S  298. 

15 

2.261000 

EMPIRICAL  FORMULA 

“FUEL  C  2.67206  H 

i .80000  r 

3.47890 

FUEL  C  l.OOOCO  F 

2.COOOO 

o 

• 

o 

fa 

o 

fuel  mg  l.oooco 

FUEL  NA  1.00000  N 

1.00000  0  3.00000 

DENSITY3  1.8794 

PARAMETERS  CHAMBER 

THROAT 

EXIT 

PRESS. .PSIA  14.70 

8.49 

14.30 

PRESS. . ATM  1.00 

0.58 

0.97 

TV  DEG  K  2060 

1954 

2055 

T*  OEG  F  3249 

3058 

3239 

S,  CAL/tG) ( K 1  1.6234 

1.6234 

1.6234 

“MOL  NT  4  1.691 

42.265 

41.719 

CP.  CAL/CGMKI  0.9078 

0.8249 

0.9040 

GAMMA  1.1390 

1.1362 

1.1388 

MACH  NUMBER  0.0 

1.000 

0.217 

CSTAR 

3306 

3306 

CF, IDEAL 

0.656 

0.147 

CF. VAC 

1.233 

2.886 

AE/AT 

1.00 

2.81 

ISP, IDEAL 

67.4 

15.1 

ISP4RH0B 

126.7 

26.4 

MOLE  FRACTIONS  OF  PRODUCTS 


ClHlNltG) 

0.00029 

0.00046 

0.00030 

C 101(G) 

0.16203 

0.16195 

0.16203 

C2H2IG) 

0.00000 

'0.00001 

0.00000 

FlHl(G) 

0.00322 

0.00219 

0.00317 

F(MG1 (G) 

C.00001 

0.00001 

0.00001 

FlNAl(G) 

0.00849 

0.00642 

0.00838 

F2MGKG) 

0.03199 

0.02402 

0.03159 

HUG) 

0.00036 

0.00023 

0.00035 

H1MGIIGI 

0.00111 

0.00080 

0.00109 

H1NA1IGI 

6.00015 

~  6. oooi i 

6.66614 

H2(G) 

0.02870 

0.02939 

0.02874 

MGl(G) 

0.37416“ 

0.37294 

6.37410 

N2IG) 

0.05189 

0.05183 

0.05189 

NAKG) 

0.09529 

0.09748 

0.09540 

NA2CG) 

0.00007 

0.00006 

0.00007 

NG101IS) 

0.15016 

0.15043 

0.15017 

F2MGKL) 

0.09207 

0.10168 

0.09256 
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.  ■  V>Si Sfrt, 


f  BY  MT. 

ENTHALPY 

STATE 

TEMP 

DENSITY 

KCAL/MOL 

DEG  K 

G/CC 

VITtfN  A 

11.00 

-177.900 

L 

298.15 

1.820000 

DFPM 

11.00 

-97.000 

S 

298.15 

1.820000 

HG 

46.00 

0.0 

S 

298. 15 

1.740000 

NAN03 

32.00 

-111.440 

S 

298.15 

2.261000 

0/F*  0.0 
DENSITY*  1.8983 


.  PARAMETERS 

CHAMBER 

THROAT 

EX'  T 

PRESS., PSIA 

14.70 

8.49 

14.30 

PRESS., ATM 

1.00 

0.58 

0.97 

T,  DEG  K 

22  36 

2136 

7231 

T,  DEG  F 

3565 

3385 

3855 

S,  C ALV ( G 1 ( K  1 

1.6692 

1.6693 

1.6693 

MOLWT 

40.762 

41.545 

40.796 

CPt  CAL/I  GMK) 

2 .0693 

2.0427 

2.0699 

GAMMA 

1.1371 

1.1307 

1.1367 

MACH  NUMBER 

0.0 

1.000 

0.209 

CSTAR 

3491 

3491 

CF, IDEAL 

0.654 

0.141 

CFf VAC 

1.231 

2.989 

AE/AT 

1.00 

2.93 

ISP, IDEAL 

70.9 

15.3 

I SP*RHOB 

134.6 

29.0 

MOLE  FRACTIONS 

OF  PRODUCTS 

C 1H1N1IGI 

C. 00002 

0.00003 

0.00002 

ClOl(G) 

0.16628 

0.16647 

0.16629 

C102I G) 

0.00002 

0.00001 

0.00002 

FlHliGl 

0.013*9 

oval  re* 

6;6132e 

FlMGl(G) 

0.00006 

0.00003 

0.00006 

FINAKGI 

0.02286 

0.01979 

0.02271 

F2MGKG) 

0.10828 

0.09714 

0.10780 

H1IGI 

C. 00095 

0.00072 

0.00094 

H1MG1IGI 

0.00087 

0.00065 

0.00086 

HlNAl(G) 

0.00015 

0.00012 

0.60015 

HINA  101 I G) 

C.00003 

0.00002 

0.00003 

H2lG) 

0.02432 

'5. 02568 

0.02439 

H 201(G) 

0.00002 

0.00001 

0.00002 

MG1IGI 

C. 29715 

0.29503 

0. 20706 

N2IGI 

C. 06092 

0.06098 

0.06092 

NAl(G) 

0.09873 

0.10199 

0 .09889 

NA2IGI 

C.00005 

0.00004 

0.00005 

MG10US) 

0.19920 

0.19945 

0.19921 

F2MGKL ) 

0.00669 

0.02059 

0.00730 

EMPIRICAL 

FORMULA 

FUEL 

t 

2.672C0 

H 

1.80000 

F 

3.47890 

FUEL 

C 

1.90000 

F 

2.00900 

FUEL 

MG 

l.OCOCO 

FUEL 

NA 

1.00000 

N 

1.00000 

0 

3.00000 
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f  BY  NT • 

enthalpy 

STATE  TEMP 

KCAL/MOL 

OEG  K 

VITO# 

A 

11.00 

-177*900 

l  298*15 

DPP* 

11.00 

-97.000 

S  298*15 

*G 

62.00 

0.0 

S  298*15 

NANO  3 

—  - . 

16.00 

-111*560 

S  298*15 

EMPIRICAL 

FORMULA 

?UEL 

c 

2*67200 

H 

1*80000 

F  1*67890 

FUEL 

c 

1.00000 

F 

2.00000 

FUEL 

MG 

1.00000 

FUEL 

NA 

1.00000 

N 

1.00000 

0  1.00000 

PARAMETERS 

PRESS. *PSU 

CHAMBER 

16.70 

THROAT 

8.60 

EXIT 

16*10 

PRESS. » ATM 

1.00 

0.57 

0*97 

"  t  *  DECK 

2772 

2597 

2766 

T*  OEG  F 

6530 

6216 

6516 

~  S*  eAL/YGI(K) 

1*6991 

1*6991 

1*6992 

MOl  VT 

61*299 

4i;w 

1T.M! 

CP*  CAL/IGMK) 

0*5086 

0*6166 

0*5062 

GANNA 

1*1619 

*1*1518 

1*1666 

MACH  NUMBER 

0.0 

1.000 

0*208 

~C$TAA 

1766 

1766 

CP* IDEAL 

0*659 

0*161 

CP* VAC 

1*210 

2.991 

AE/AT 

1.00  * 

2.91 

ISP, IDEAL 

77*0 

16*5 

I'SPPRHOD 

167.7 

11.7 

MOLE  FRACTIONS  OF  PRODUCTS  _  _ 

__C101(G)  _  0*16557  0*16763  0.J6566 

C 102(G) .  0*00115  0*00156  0*00107 

Fl(G) _ 0*00016  0*00005  0*00011 

F1H1I0I  0*06169  0*01998  0*06167 

FlMGl(G)  0*00018  0*00021 _ 0*00017 

FlNAl(G) . 6.06001  0.01697  0.01990 

JP|MGl(G)  0*09191_  0*09666  _ 0*09602 

Ml(G)  0.00566  0*00621  0.00519 

H1HGKG) _ 0*00066  0*00017  0*00065 

M1MG10KGI  •  0*00001  0*00000  0*00001 

_HINA|<<»>  _  0.00010  _0.00008_  0*00010 

H~1NA  101(G)  “  '  6.00099  O'*  00056  6*00096 

HiOllG)  0*00020  _0. 00006  0*00019 

'  N2(G)  *  "  0.00716  0*66919  6i00722 

M201IGI _ 0*00092  0*00055  0*00090 

NG1IG)  0*22927  0*22655'  6. 22907" 

JNG101IG)  _  0*00111  0*00061  0*00126 

KioiiG)  “  o.boool  '  o.ooool  0.00005 

N2I6)  0*06951  0*06961  _0. 06951 

NAl(G)  0.09786  0.10161  0*09802 

NA10HGI _ 0*00006  0*00001  0*00005 

NA2(G)  0*00002  0*00002  0*00002 

I  OltG) _ 0*00009  0*00002  0*00009 

rictoiis)  0*26169  0*26570  0*26190 


OEHStTY 

G/CC 

1*820000 

1*820000 

1*760000 

2*261000 


0/F-  0.0 
DENSITY-  1.9176 
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*  BY  WT. 


V I  TON 
OF  PM 
MG 

NAN03 


11.00 

11.00 

38.00 

40.00 


ENTHALPY  STATE 
KCAL/MOL 
-177.900 
-97.000 
C.O  ** 
-111.540 


L 

S 

s 

s 


TEMP 

DEG  K 

298.15 

298.15 

298.15 

298.15 


DENSITY 

G/CC 

1.320000 

1.820000 

1.740000 

2.261000 


FUEL 
FUEL 
'  JEL 


C 

C 

"m; 


2.67200 
1.00000 
1.000 00 


EMPIRICAL  F  0  9 MiTLA 
rt  "1.8O0C0  F  "  3.47890 
F  2.00000 


..  0/F-  0.0. 


FUEL _ H\  l.OCOOO  N _ 1.00000 _ O^  J.OCOOO _ 1.9373 


PARAMETERS _ 

press. » psi a 

PRESS.. ATM 
T  t  OifG  K 
T.  OEG  F 
S.CAL/lGjjki 
MOL  WT 

CP.  CAL/CGHK) 
GAMMA 

MACH  NUMBER 
CSTAR 


CHAMBER 

i4.ro" 

1.00 

3015 

4967 


1.7139 

45.304 

1.6362 

1.1028 

0.0 


THROAT 

- 8.54 

0.58 
~  "  2905 
4769 
1.7140 
"45.909 
1.3604 
"  1.1054 
1.002 
3892 


EXIT 

14T3T 

0.97 

"3010 

4958 

177141* 

45.328 

1.6262 

1.1028 

0.204 

"'3892 


CF.nEAL . 

- 0.643 

0.134 

CF. VAC 

# 

1.225 

3.060 

AE/AT 

. 1.00 

3.01 

ISP. IDEAL 

77.8 

16.2 

I SP*RH08 

150.8" 

"31.4 

MOLE  FRACTIONS 

OF  PRODUCTS 

C101IGI 

0.15429 

0.15612 

0.15433 

C 102(G) 

0.91829 

Q.C1667 

0.01825 

FUG) 

C. 00094 

0.00073 

0.00093 

FlHlfG! 

C.C4621 

0.04827 

C. 04631 

F 1MGI <  G  9 

C. 00063 

0.00046 

0.00062 

F1NAMGI 

0.05436 

0.05277 

0.05428 

F2MGICGI 

C. 08707 

0.08719 

0.03707 

hug) 

C.0C677 

0 .00629 

C. 00675 

HlMGl(G) 

C .00021 

O.OOC15 

C.0C02O 

H1MG10KG) 

C.0C0C4 

0.00002 

0.00004 

HlNAl(G) 

0.00006 

0.00005 

O.OOOC6 

H1NA101IG1 

C.0C274 

0.00220 

C. 00272 

H101CGI 

0.0C203 

0.00150 

0. 00200 

H2IGI 

C .00227 

0.00231 

C  .00227 

H201IG)  _ 

C .00195 

0.00173 

0.00194 

MG1CG1 

C. 16836 

0.16309 

0.16317 

MGIOKGI 

C.0C977 

0.00691 

0.00964 

NlOl(G) 

0.00122 

0.00083 

0.00121 

N2CGI 

0.07841 

0.C7870 

0.07842 

NAKGI 

C.  100*10 

0.10270 

0.10023 

NA10KG) 

C.CC075 

0.00050 

0.00074 

NA2IGI 

0.CCC02 

0 .00001 

0.00002 

01(G) 

C.0C358 

0.00246 

0.00354 

02’(G) 

C.0C125 

0.00075 

0.00123 

MGIOHSI 

0.25869 

0.26758 

0.25905 
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«  BY  MT. 


VI TOW  A  11.00 

0 EM  11.00 

NO  34.00 

- TOUCH - TO700 


FUEL  C  2.67200  H 

FUEL  C  1.00000  F 

FUEL  NC  1.00000 

?UR - »i“ 1.00000 - W 


PARAMETERS 

PRESS.tPSU 
PRESS. * ATM 
T.  0E6  K 
T,  066  F 
St  CAL/fGHK) 


CHAMBER 

14.70 

1.00 

3072 

5070 

1.7231 


ENTHALPY  STATE  TEMP  DENSITY 

RCAL/NOL  DEC  K  G/CC 

•177.400  L  248.15  1.82000) 

-47.000  S  248.15  1.620000 

OaO  S  248.15  1.740000 

^mrfroo — s — worn — 2.2*1007 

EMPIRICAL  FORMULA 
1 .80000  F  3.47840  0/F=  0.0 
2.00000 


l.ooooo — 0 

THROAT 

8.56 

0.58 

2475 

4846 

1.7233 


"3.00000 

EXIT 

14.31 

0.47 

3067 

5061 

1.7233 


DENSITY-  1.9574 


MOL  NT 

46.515 

47.188 

46.541 

CP.  CAL/ (Gif XI 

3.2204 

3.0029 

3.2139 

GAMMA 

1.0958 

1.0439 

1.0957 

MACH  NUMBER 

0.0 

1.000 

0.209 

CSTAR 

3889 

3889 

CF* IDEAL 

0.639 

0.136 

CFtVAC 

1.223 

2.947 

AE/AT 

1.00 

2.94 

ISP. IDEAL 

77.3 

16.5 

ISP  MHO  8 

151.2 

32.3 

MOLE  FRACTIONS  OF  PRODUCTS 

CIOKGI 

0.14173 

0.14178 

0.14171 

C 102(G) 

0.03389 

0.03420 

0.03397 

F1(G) 

0.00161 

0.00143 

0.00161 

FlHl(G) 

0.04629 

0.04848 

0.04639 

F1MGKGI 

0.00058 

0.00044 

0.00057 

F1NAKGI 

0.06810 

0.06705 

0.06804 

F2MG1IG) 

0.08226 

0.08215 

0.08226 

H1IGI 

0.00605 

0.00570 

0.00603 

H1MGKG) 

0.00011 

0.00008 

0.00011 

H1MG10K  G) 

0.00004 

0.00003 

0.00004 

HlNAl(G) 

0.00005 

0.00004 

0.00005 

H1NA10K  G) 

0.00408 

0.00347 

0.00405 

HIOKGI 

0.00387 

0.00333 

0.00384 

H2IGI 

0.00130 

0.00123 

0.0013C 

H 201(G) 

•0.00229 

0.00212 

0.00228 

MGKGI 

0.11469 

0*10975 

0.11450 

NGlOlfGI 

0.01487 

0.01204 

0.01473 

Nl(G) 

0.00001 

0. 00000 

0.00001 

NlOl(G) 

0.00338 

0.00281 

0.00336 

N2(G) 

0*08676 

0.08723 

0.08676 

NAl(G) 

0.10283 

0.10526 

0.10295 

NA10KGI 

9.00183 

0.00144 

0.00181 

NA2IGI 

0.00002 

0.00001 

0.00002 

01(G) 

0.01060 

0.00922 

0.01054 

02(GI 

0.00752 

0.00646 

0.00748 

MG10KS) 

0.26525 

0.27428 

0.26562 
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f  BY  NT. 

ENTHALFY 

KCAL/NOL 

STATE 

TENF 

OEG  K 

OENSITY 

6/CC 

SILICON 

38.00 

0.0 

S 

298.19 

2.330000 

TEFLON 

11.00 

-94.920 

s 

298.19 

2.200000 

VITON  A 

11.00 

-177.900 

L 

298.19 

1.820000 

NAN03 

40.00 

-ni.jw 

— s — 

m±A  n  ljn 

FUEL  SI  1.00000 
FUEL  C  1.00000 
FUEL  C  2.67200 


ENPHTCU  FORftJU 


F  2.00000 
F  3.47890 


0/F*  0.0 


1.80000 


PARAMETERS 

CHANBER 

THROAT 

EXIT 

PRESS. »FSIA 

14.70 

8.60 

14.30 

PRESS. *  ATM 

1.00 

0.99 

0.97 

T,  OEG  K 

1932 

1873 

1929 

T  •  DEG  F 

3018 

2911 

3013 

S.  CAL/fGMK) 

1.9299 

1.9296 

1.9299 

NOL  NT 

90.240 

91.044 

90.276 

CP.  CAL/IGHK) 

3.7496 

3.6379 

3.76IT 

GANNA 

1.0980 

1.0999 

1.0979 

NACN  NUMBER 

0.0 

1.000 

9.  210 

CSTAR 

2960 

CF.IOEAL 

0.441 

0.143 

CF. VAC 

1.224 

2.888 

AE/AT 

1.00 

2.82 

ISP. IDEAL 

59.0 

19.1 

ISP6RH08 

130.9 

29.2 

HOLE  FRACTIONS  OF  PRODUCTS 


C1H1NUG) 

*  0.00024 

0.00023 

*  0.00024 

ClOlIGt 

0.19206 

0.19207 

0.19206 

C 102(61 

070000T 

■.'rtVl'l'l'J 

■.'/VWl'i  ■ 

F1HKGI 

0.00196 

0.00134 

0.00199 

FlNAl(G) 

-  0.01006 

0.00898 

0.00991 

F201SIKGI 

0.00009 

0.00007 

0.00009 

F2SUIGI 

0.04093 

0.04091 

0.04091 

F3SI1I G) 

0.04729 

0.04792 

0.04727 

k  .  .  JfH 

0.00312 

HUG) 

0.00014 

0.00014 

0.00016 

H1NAKGI 

0.00027 

0.00020 

0.00026 

M1NA10HG) 

0.00009 

0.00002 

0.00009 

H2I61 

0.03991 

0.03607 

0.03992 

H  201(G) 

0.00001 

0.00000 

0.00001 

M.  M 1  1—  • 

i—  Mill  ■ 

NAl(G) 

0.16917 

0.14490 

0.14927 

NA2IGI 

~  0.00090 

0.00021 

0.00029 

01SIKG) 

0. 13984 

0.12766 

0.19927 

Sll(G) 

- 0.00002 

0.00002 

0.00002 

Sll(L) 

0.19491 

0.14298 

0.19719 

fcmnui 
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f  by  mt. 


ENTHALPY  STATE  TEMP  3E M S I TY 

KCAL/NDL  OEG  K  G/r.C 


SILICON 

90.00 

0.0 

S  290.19  2.3300*0 

TEFLON 

21.00 

-96.920 

S  >90.19  2.200000 

VITON  A 

11.00  -177.900 

L  290.19  1.029000 

HKHJn 

30.00  -1 11.  "960 

T  200.  T9  2  ."761000 

EMPIRICAL 

FORMULA 

FUEL 

SI 

1.00009 

0/F-  0.0 

FUEL 

C 

1.00000  F 

2.00000 

* 

FUEL 

C 

2.67200  F 

3.67090 

H  1.80000  DENSITY-  2.2140 

Fuel 

*4 

1. 00000  N 

1.00000 

J'OQQOO 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS. • 

PSIA 

16.70 

0.66 

16.30 

PRESS. » 

ATM 

1.00 

0.99 

0.97 

T  •  OEG  K 
T,  OEG  F 
S.  CAL/tGHKI 


1090 

2071 


1006 

2791 


1.6990  1.6990 


1060 

2066 

1.6999 


MOL  NT 

93.602 

96.169 

93.436 

CP.  CAL/IGMKI 

19.3116 

19.2676 

19.3147 

GAMMA 

1.0790 

1.0773 

1.0709 

MACH  NUMBER 

0.0 

0.999 

0.211 

CSTAR 

2027 

2027 

CF, IDEAL 

0.636 

0.137 

CF.VAC 

1.223 

2.972 

AE/AT 

1.00 

2.91 

ISP. ideal 

39.7 

12.0 

ISP6RHO0 

123.3 

26.6 

MOLE  FRACTIONS 

OF  PRODUCTS 

-  •  -  •  - 

C1H1N11IG) 

0.00093 

0.00066 

0 .00033 

C101IC* 

0.26667 

0.23690 

0.24991 

d2H2Ur~ 

"7.05551 

0.00001 

o.oOoOi 

F1H1IG) 

0.00131 

0.00119 

0.00131 

FlNAl(G) 

0.00090 

0.00799 

0.00002 

F201SI1 (G) 

0.00006 

0.00009 

0.00006 

F2SIUGI 

0.06229 

0.06300 

0.04233 

F3SI1IG) 

0.10092 

0.10090 

0.10092 

F6SIlltl 

0. 00000 

0.00790 

0.00799 

H1IGI 

0.00000 

0.00000 

0.00000 

HlNAl(G) 

0.00019 

0.00019 

O.OOOT9 

H1NA101IG) 

0.00001 

0.00001 

0.00001 

H2(G) 

0.03969 

0.03979 

0.03966 

N2IGI 

0.06923 

0.04927 

0.06923 

fc6l(6k 

0.12169 

0.12242 

0.12193 

NA2IG) 

0.00022 

0.00019 

0.00021 

mstifcv 

5.09961 

0.09692~ “5.53369 

SI1IG) 

0.00001 

0.00001 

0.00001 

SIl(L) 

0.26170 

0.23436 

5.24141 

02SI1IS) 

0.06939 

0.09071 

0.04963 

CHS* 

"5751717“ 

0.02901 

0.01049 
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cV 


SILICON 
TEFLON 
VI TON  A 


X  8Y  NT. 

48.00 

11.00 

11.00 


ENTHALPY  STATE  TEMP  DENSITY 

KCAL/NOL  DEG  X  G/CC 

0.0  S  298. IS  2.330003 

-96.920  S  296.15  2.200000 

>177.900  L  298.19  1.620000 

;ITT;94TJ - 5  -JWWilW'  2.2M009F 


EMPIRICAL  FORMULA 


FUEL  SI  1.00000 
FUEL  C  1.00000 
FUEL  C  2.67200 


PARAMETERS 

PRESS.*£4IA 
PAESS*»**M 
T.  OEG  K 
T,  OEG  F. 

S.  CAL/ 1 GM K ) 


CHAMBER 

1.00 

0.07 

1678 

2961 

1.4175 


0/F-  0.0 


2.00000 

3.47890  H  1.80000  DENSITY*  2.2265 

TTwran — n — r.wroo  —  - 

THROAT  EXIT 

0.59  0.97 

0.04  0.07 

1637  1676 

2487  2557 

1.4175  1.4175 


MOL  NT  ’ 

CP.  CAL/IGMK) 
GAMMA 

MACH  NUMBER 
CSTAR 


58.843 

3.9274 

1.0794 

0.0 


59.651 

3.7529 

1.0777 

0.998 

2567 


56.862 

3.9201 

1.0793 

0.214 

2567 


CF. IDEAL 
CF.VAC 
AE/AT 
ISP. IDEAL 
I SPPRH08 


0.633 

1.222 

1.00 

50.5 

112.4 


0.138 

2.941 

2.86 

11.0 

24.5 


MOLE  FRACTIONS  OF  PRODUCTS 


CIHINKGI 
C 101(G) 


0.00014  0.00012 

0.18005  0.18007 


0.00014 

0.18005 


M 


n 


hi 


FlNAl(G) 

0.00316 

0.00276 

0.00316 

F201SIKG) 

0. 00002 

0 .00002 

0.00002 

F2SIKGI 

0.03699 

0.03596 

0.03694 

*  >  ' 

FBSIilGl 

0.06562 

0.06622 

0.06565 

Y  *  ' 

F4SI1IG) 

0.00339 

0.00356 

0.00340 

IT  Ml 


H1NA1IG) 

0.00005 

0.00004 

0.00005 

H2IGI 

0.03420 

0.03426 

0.03421 

N2(6) 

0.06182 

0.06183 

0.06182 

NA1IG) 

0.12048 

0.12091 

0.12050 

NA2IG) 

0.00003 

0.00002 

0.09003 

SI1IGI 

SIKS) 

02SIKS) 


0.00001  0.00001  0.00001 

0.35302  0.35716  0.35323 

0.05105  0.05495  0.05123 


«  AT  NT. 

ENTH4LP7 

STATE  TEMP 

OENSITT 

RCAL/MOL 

OEG  < 

G/CC 

SILICON 

13.49 

0.0 

S  248.15 

2.330003 

TEFLON 

36.00 

-96.520 

S  298.15 

2.200000 

V I  TON  A 

11.00 

-177.400 

L  298.15 

1.820000 

N1WJT 

— ro^oo 

- 

rn.54TT“ 

5  798YT5 

•  r.?6Tooir 

empirical 

FORMULA 

FUEL  SI 

l. 00000 

O/F-  0.0 

FUEL  C 

1.00000 

F 

2.00000 

FUEL  C 

2.672C0 

F 

3.47890 

H  1.80000 

liixiVKIl 

N 

PARAMETERS 

CHAMBER 

THROAT 

EXIT 

PRESS., PSIA 

14 

.70 

8.53 

14.30 

PRESS. ,ATN 

1 

•  00 

0.58 

0.97 

ft  DEG  K 

2588 

2457 

2578 

T,  OEG  F 

4198 

3963 

4181 

S,  CAL/IGMKI  1.6332 

1.8334 

1.8333 

MOL  NT 

42.067 

42.451 

42.072 

CP,  CAL/IGMKI 

0.3544 

0.9969 

0.3530 

GAMMA 

1.1738 

1.1079 

1.1743 

MACH  NUMBER 

0.0 

0.999 

0.20T 

CSTAR 

3728 

3728 

CF, I0EAL 

6.642 

0.141 

CP, VAC 

1.223 

2.946 

AE/AT 

1.00 

2.88 

ISP, IDEAL 

74.4 

16.3 

ispprhom 

162.9 

35.7 

MOLE  FRACTIONS  OF  PRODUCTS 

C10IIGI 

0.31766 

0.32416 

0.31783 

C 102(G) 

0.10860 

0.10267 

0.10869 

BJ  l  H  lsg3-i.rsssg.-g 

F1HIIGI 

0.07828 

0.07849 

0.07823 

E1NAKG) 

0.15878 

0.15706 

0.15657 

F20IS1KGI 

0.02579 

0.02209 

0.02577 

F2SI1IG) 

0.00310 

0.00248 

0.00307 

F3SI1IGI 

0.08131 

0.07631 

0.08104 

■  inn  i— 

Ml(G) 

0.00069 

0.00056 

0.00068 

H1NA1IGI 

0.00001 

0.00001 

0.00001 

HINA 1011 Gl 

0.00167 

0.00163 

0.00170 

H101IGI 

0.00035 

0. 00021 

0.00034 

H2«GI 

0.00036 

0.00043 

0.00037 

NIOI(G) 

0.00042 

0.00021 

0.00040 

M2(G) 

0.09877 

0.09696 

0.09860 

NAKGI 

0.03731 

0.03932 

0.03752 

NA10IIGI 

0.00019 

o.ooon 

o;oooi9 

01(G) 

0.00062 

0.00016 

0.00040 

■  II  IMI  1  — 

■-H  H11JI 

02(G) 

0.00038 

0.00014 

0.00035 

oairrGi 

0. 00087  * 

evooo*f~  o^rooir 

02SIKL) 

0.0 

0.00621 

0.0 
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X  8Y  HT.  ENTHALPY  STATE  TEW*  DENSITY 
KCAL/NOL  DEG  K  G/CC 

SILICON  26.00  0.0  S  290.15  2.530000 

TEFLON  23.90  -96.529  S  291.15  7.200000 

VI TON  A  11.09  -17T.900  L  290.15  1.020900 


TWimCTCAL  FOITOC1 


FUEL  SI  1.00000 

FUEL  C  1.00000 

FUEL  C  2.67200 


F  2.00000 
F  3.47090 


PARAMETERS 

FRESS..FSIA 
MESS.  .ATM 
T.  OEG  K 
T.  OEG  F 
St  CAL/IGMRI 


CHAMBER 

14.70 

1.00 

2120 

3371 

1.7190 


THROAT 

0.47 

0.30 

2019 

3174 

1.7191 


_ 0/F-  0.0 


I  1.80000 
3700000 
EXIT 
14.30 
0.97 
2123 
3362 
1.7191 


2.2051 


MOt  UT 

cScii/iomo 

GANNA 

NACM  NUNOIR 
CSTAR _ 

CFtlOEAL _ 

CFtVAf^ 

AE/AT 

ISFTlWI  ft - 

ISMRHQ8 _ 


42.363 

0.6631 

1.1273 

0.0 


42.760 

0.6142 

1.1288 

1.004 

3346 

0.655 

1.231 

1.00 

60.1 

150.2 


42.382 

*•661* 

1.1273 

0.216 

3346 

0.145 

“1.400 

2.83 

15.1 

33.3 


HOLE  FRACTIONS  OF  PRODUCTS 


C1H1NKG) 
C101IC1 _ 


6.36601  0.00002  0.06001 
0.30131  0.30207  0.30136 


FlHKGt 

F1NAKGI 

F201SI1CGI 

F2SIHCI 

F3S11IGI 


0.01268  0.00837  0*01247 

0.03601  0.02656  0.03555 

0.00093  0.00052  0.00091 

*•0)2*6  0.03547  070)223 

0.11910  0.12236  0.11920 


HIIGI 
HlNAlTCl 
HINA  101 10) 
H2«GI 

NA1IGI  _ 

NA2IG) 

OlSfKGl _ 

$11(0) 
02SI1ILI  - 


0.00065  0.00044  0.00044 

“0.0062ru7000rf~*.n00f3“ 
0.00026  0.00012  0.00026 
"*^3W"*;*3S67-  *76S276~ 
0.00011  0.00004  0.00010 

0.0441 l  0.09431  0.04412 

0.15149  0.16150  0.15190 

“O^OOIF"  6700610  0  7006 12“ 

S  .15009  0.13790  0.14953 

.00061  0766661  0.6000T 

0.05300  0.06252  0.05612 


0/F-  1.243999 


OXIO  N 
PARAMETERS 

HESSm^SIA 
MESS*  •  ATM 
T*  DEG  K 
T*  OEG  0 


CO. IDEAL 
CO.VAC 


0*0224#  0*02204  0*02244 


HIIGI 
MlMGlf  G) 
HIMG10KGI 
HINAKGI 
HINAIOilO) 

HIUTTG7 - 

H2IGI 
M  201 1C) 
MGl(G) 
MGIOIIGI 
NKGI 


M2IC) 

0*40314 

0*40404 

0*40391 

NAKGI 

0.05325 

0*09412 

0*09930 

NAIOI(G) 

0*00144 

0*00149 

0*00147 

01(C) 

0*02394 

0*02201 

0*02347 

02(G) 

0*03420 

0*03391 

0*03417 

M6I0IIS) - 

— 0*24TTI 

-O52904T 

0*  24014 

MOL  MT 

40*972 

41*220 

40*403 

CO*  CAL/ (CM A) 

4*3441 

4*1797 

4*3413 

GAMMA 

1*0470 

1*0499 

1*0474 

MACH  NUNOER 

0*0 

1.000 

0*210 

NC 

AIR  AH  ft 


«  ftY  NT. 

100.00 

100.00 


CNTttRtPY  STATE  TERR  DENSITY 

AC  At  /ROt  DEG  K  G/CC 

0.0  S  m.t)  1.740000 

0.0  0  ISO.  If  0.001200 


EMPIRICAL  FORMULA 

TOIL - 116  1.00000 

0X10  N  l  .07400  0  0.42400 


0/F«  2. 741404  DENSITY-  0.0016 


PARAMETERS 


CHAMOER 

THROAT 

EXIT 

o  P  SI  A 

14.70 

0.40 

'  14.90 

PRESS.  .ATM 

1.00 

0.90 

0.97 

T.  DEG  K 

ms 

2020 

9tl0~ 

T.  DEG  F 

9147 

4477 

9120 

S.  CAL/(G)(K) 

1.0901 

1.0901 

1.84ft! 

MOCHT 

li.llT 

14.022 

24. 991 

CP.  CAL/(G)(KI 

9.7449 

9.9402 

9.7249 

GANNA 

1.0994 

1.0972 

1.0447 

MACH  NUN8EA 

0.0 

1.000 

0.222 

CSTAA 

4297 

4297 

CF.iDfSL 

0.442 

0.144 

CP  .VAC 

1.224 

2.099 

AE/AT 

1.00 

2.77 

ISP.IOEAL 

09.7 

19.9 

ISP4AH08 

0.1 

0.0 

MOLE  FRACTIONS  OF  FAQ  DUCTS 


0.09701  0.0421S  0.04792 

0.02104  0.01021  0.02149 

0.00002  0.00001  0.00002 
O.OIT97  '  OiOTSOT — 0.017ft 4 
0.60147  0. 40404  0.40144 

0.02427  0.02244  0.02414 

0.02777  >  0.02470  0.02772 

0.20082  0.21972  0.20927 


MG1I6I 

MG101IGI 

NKG) 

Nioim . . 

N2(G) 

01(G) 

02(G) 

MG10KSI 


188 


*  *r  wt 


NO 

NANO  9 


AIN  ANN 


68*00 

27*00 

8*00 

100*00 


ENTHALPY  STATE 

TEMP 

DENSITY 

ICC  AL /MOL 

0E6  K 

C/CC 

0*0 

s 

280. 15 

1*740000 

>111*540 

s 

280*15 

2*241000 

9 

1  §1 

0*0 

0 

280*15 

0*001200 

TUEt  -  ~m  1. 00000 

FUEL  NA  1*00000 

TUEC - 0  1*  77326 

OXIO  N  1*57600 


EMPIRICAL  FONNULA 


0/F*  1.775000 


N  1*00000 
t — 5740T46 
0  0*42600 


0  5*00000 

71 — 8*81000 


DENSITY* 


0.0019 


PARAf.ETERS 

CHAMBER 

THROAT 

SKIT 

FNESS.tFSIA 

14*70 

0*01 

14*50 

PRESS., ATM 

1*00 

0*58 

0*87 

T,  DEG  K 

90T4 

2881 

5071 

T*  OEG  F 

5077 

4806 

5060 

T»"  UinCTTIT' 

1*8067“ 

1*8067 

1*80*7 

MOL  NT 

58*000 

58*712 

'•122 

CP*  CAL/ (OMNI 

4*4277 

4*2244 

*•4175 

GAMMA 

1*0880 

1*0867 

1*0808 

MACH  NUMBER 

0*0 

1*000 

0*225 

csm 

‘  4225 

4225 

CF.IOEAL 

0*642 

0*140 

CF.VAC 

1*220 

2*011 

AE/AT 

1.00 

2*74 

I SF, IDEAL 

04*4 

18*4 

TSPIRHOI 

0*2 

"  0*0 

HOLE  FRACTIONS  OF  PROOUCTS 


C10KGI 

0*02041 

0*02007 

0*02098 

C  102(G) 

0*00844 

OiOOHi 

Hl(G) 

0*00485 

0*00606 

0*00685 

H1MGKGI 

0*00007 

0*00005 

0*00006 

H1NG10KGI 

0*00005 

0*00004 

0*00005 

HINAlfGI 

0*00002 

0*00001 

0*00002 

H1NA101I G) 

0*00255 

0*00297 

0*00254 

H10KGI 

0*00165 

0*00124 

6*0vv»k 

H2IGI 

0*00158 

0*00169 

0*00158 

H 201(G) 

0*00941 

0*00570 

0*00549 

NGKGI 

0*06400 

0*05090 

0*06971 

NG10KGI 

0*01416 

0*01925 

0*01600 

NKG) 

0*00001 

0*00001 

0*00001 

K10IIGV 

0*01109 

0*01506“ 

0*01684 

N2(G) 

0*55707 

0*54087 

0*59004 

NAl(G) 

0*09105 

0*09155 

0*09106 

NA  101(G) 

0*00100 

0*00008 

0*00107 

01(G) 

0*02222 

0*02064 

0*02214 

02(G) 

0*05050 

0*02860 

0*09045 

MG10KS) 

0*  224 v 7 

'0*29456 

“0722546“ 

NA 

AIM  AN® 


«  B 7  XT* 

100*00 

100*00 


ENTHALPY  STATE  TEN?  DENSITY 

KCAL/MOL  DEG  X  G/CC 

0*0  S  2*0*15  0*970000 

0*0  G  290*15  0*001200 


EMPIRICAL  FORMULA 

fUEL  .  .  NA_UOOQOO  _ 

OXID  N  1*57600  0  0*62400 


0/F*  1*400300  DENSITY3  0.0020 


PARAMETERS 


CHAMOER 

THROAT 

EXIT 

14.70 

0.56 

14*30 

PRESS* • ATM 

1*00 

0*50 

0*97 

T •  DEG  R 

1004 

1007 

1000 

T*  DEG  f 

2932 

2793 

2925 

Sf  CAL/IGMK) 

1*7054 

1*7054 

_1 • 7054 

MOI  MT 

47.413 

CP*  CAL/ (GM K ) 

2*6621 

2*7100 

2*6652 

GAMMA 

1*1135 

1*1099 

1*1133 

MACH  NUMOER 

0*0 

1.000 

0*223 

cstar . _  _ 

. 

2995 

_ 2595_ 

CF.IDFAI 

0.146 

CFfVAC 

1*227 

2*020 

A6/AT 

1.00 

2*75 

ISP* IDEAL 

60*1 

13*0 

ISPPRHO® 

-  ■  •  •  •  — 

P.l 

0*0 

MOLE  FRACTIONS 

OF  PRODUCTS 

N101IGI 

0*00177 

0*00137 

0*00175 

N2IGI 

0*50447 

0*50770 

0*58464 

NAltGI 

0*12761 

0*12239 

0*12734 

1  <IHK^ 

NA102IGI 

0*00090 

0*00111 

0*00091 

NA2IG) 

0*00010 

_0*00Q1I 

0.00019 

01(G) 

0*00004 

0*00002 

0*00004 

02(G) 

0*02634 

0*02571 

0*02631 

NA201IL) 

0*24236 

0*24706 

0*24265 

190 


APPENDIX  X 


LIST  OF  ABBREVIATIONS  AND  SYMBOLS  FOR  SECTION  IV 


Symbol 

A 

B 

C 


c 


D 


e 


0 


f 

ideal 

h 


^amb 


h 


i 


I  (X).  J  (X) 

ha 

IFM 

k 

L 


m 


i 


Definition 

&igstrom  units 
Emission  function 
Calibration  factor 
Velocity  of  light 
Plume  diameter 
Flare  diameter 
Bnissivity 

Energy  emitted  by  a  blackbody 
Energy  emitted  by  magnesium  oxide 
Energy  emitted  by  sodium 
Ideal  efficacy 

Enthalpy  of  combustion  product,  also 
Planck's  constant 

Enthalpy  of  the  products  having  been  cooled 
to  ambient  temperature 

Initial  enthalpy  of  reactants  (equals  enthalpy 
of  reactants  following  adiabatic  combustion) 

Blackbody  radiation  intensity 

Measured  intensity  of  the  lamp 

Measured  intensity  of  the  flare 

Boltzmann  constant 

A  characteristic  length 

Mass  fraction  of  species  i 

Concentration  of  sodium  atoms  per  cm^ 


1 


Definition 


X) 


x 


reaction 


x 


Optical  depth 
equal  to 

Spectral  sensitivity  of  eye 
Brightness  temperature  of  the  flare 
Brightness  temperature  of  the  lamp 
Temperature  of  plume  gases  mixed  with  air 
Temperature  of  flare  gases 
Velocity  of  approach  flow 

Average  velocity  of  gas  leaving  flare  surface 
Plume  velocity  around  the  inverted  flare 
Spectral  width 

Enthalpy  of  the  combustion  reaction  ■ 

"  ^amb 

Distance  in  microns  from  line  center 

Flare  efficiency  (actual  efficacy/ideal  efficacy) 

Wavelength 

Density  of  ambient  air 

Density  of  plume  gases  mixed  with  air 

Density  of  the  flare  gases 

Mixing  time 
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